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Continued advances in a myriad of biomedical and technological fields require the
rational design of molecules or supramolecular architectures with specific photophysical
properties. Central to this endeavor is a mechanistic understanding of optical property
modulation as a function of molecular structure, conformation, and environment. Natural
pigments and protein-pigment complexes constitute a ‘solutions manual’ to challenges in
electronic (optical) engineering that has been refined over a few billion years of evolution, and
from which design principles can be deduced. In this thesis, unique mechanisms for modulating
the optical properties of natural or synthetic porphyrinoid and carotenoid pigments are elucidated
with quantum chemical methods. Our investigations add a new conformational mechanism, as
well as design principles for regioisomer-dependent electronic substituent effects to the cannon
of structural tools for regulating the optical properties of pyrrole-modified porphyrins. The
lessons learned provide insight into analogous spectral tuning mechanisms found in nature. We
also delineate the molecular factors optimally regulating light harvesting in a natural
photosynthetic antenna complex. These discoveries have advanced the fundamental
understanding and practical utilization of structure-optical property modulation mechanisms, and
may aid the design of next-generation photonic-based technologies.
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Chapter 1

Diverse Habitats and a Limited Materials Repertoire:
How Nature Makes the Most of Photophysical Principles

1

1.1. Introduction
Transduction of electromagnetic into (electro)chemical energy constitutes the essence of
photosynthesis. To execute the chemistry at the interface of light and life,1 photosynthetic
organisms have evolved only two fundamental mechanisms over the past few billion years.2
Light is absorbed by either a (bacterio)chlorophyll-type chromophore that initiates an electron
transfer chain, or a protein-bound retinal-type pigment that photoisomerizes and in turn pumps
ions across a membrane. Figure 1-1 shows as respective examples Chlorophyll a, the initial
photoredox-active pigment in the electron transfer chain of oxygenic photosynthesis, and darkadapted Type I rhodopsin, or all-trans retinal bound to a lysine of the opsin protein, which is
used for cellular energy generation by some bacteria and archaea. The substructural motif
common to all known (bacterio)chlorophylls ((B)Chls)2-3 or rhodopsins4 is indicated in green.
The following discussion primarily focuses on (B)Chl-based photosynthesis, as it is most
relevant to the investigations of this thesis.

2

(a)

(b)
N

N

+
N
H

Mg
N

N

CO2MeO
CO2Phytyl
Chlorophyll a

Protonated
Schiff base Retinal

Figure 1-1. Chemical structures of representative pigments that conduct the photoredox or
photoisomerization chemistry at the base of photosynthetic energy transduction: (a) Chlorophyll a, and
(b) all-trans retinal bound through a Schiff base nitrogen to a lysine residue of the opsin protein (darkadapted Type I rhodopsin). The green substructures in parts a and b are common to all naturally occurring
(B)Chls or rhodopsins, respectively. For (B)Chls, the blue-colored bonds may be single or double in
character. The information in the figure is based on Refs. 2-3, 5, and 4.

Through sophisticated strategies of electronic (optical) engineering,2, 5-8 organisms have
found ways to perform either the (B)Chl- or retinal-based photochemical process with high
quantum efficiency in habitats ranging over sixteen orders of magnitude of light intensity, from
80 m within a water column to an open meadow.7 This remarkable level of adaptation has been
achieved using only biosynthetically accessible and metabolically compatible components that,
at the same time, maximize photon capture within habitat-prescribed spectral regions, while
minimizing photo-induced damage from a continuously fluctuating solar irradiance.7
Microorganisms, for example, use pigments of only three structural types (described later) to

3

inhabit all the niches in the underwater light spectrum defined by stretching and bending
vibrations of water (Figure 1-2) within the range of photosynthetically useful light (400-1100
nm).9 Light of much shorter or longer wavelength is energetically harmful or insufficient,
respectively, for photosynthetic organisms.

4

Figure 1-2. Adaptation of microorganisms
to the underwater photic ecological niches
defined by the vibrations of the water
molecule. (a) Incident solar irradiance
spectrum at a water surface. Absorption
by atmospheric molecular oxygen and
water vapor accounts for depressions in
the spectrum. (b) Absorption spectrum of
pure water with the harmonics of the
stretching and bending vibrations of the
molecules indicated. The ordinate axis is
on a log scale. (c) Overlay of 100
simulated underwater light spectra at the
euphotic depth assuming a wide range of
different organic (gilvin) and inorganic
(tripton) particulate concentrations from
the clearest ocean waters to very turbid
systems, like microbial mats. The euphotic
depth is taken as the distance below the
water surface at which the solar irradiance
over the entire 400-1100 nm range has
fallen to 1.0% of its value at the surface.
(d) Overlay of measured light absorption spectra of 20 photosynthetic species, including purple and green
sulfur bacteria, purple non-sulfur bacteria, cyanobacteria, green and red algae, diatoms, and chrysophytes.
The figure is reproduced from Ref. 9.
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To meet the multivariate optimization challenge for efficient and environmentcustomized photosynthesis, some anoxygenic and all oxygenic organisms have partitioned the
process into three stages having distinct time, length, and energy changes.10 Solar energy is first
collected, concentrated, and conveyed over distances of up to 100 nm to the site of
photochemistry within 100 ps by pools of multichromophoric assemblies known as light
harvesting antenna complexes. At the reaction center, the excitation energy is used to form a
charge separated state that is subsequently stabilized through a series of secondary electron
transfers, and ultimately used to reduce nicotinamide adenine dinucleotide phosphate (NADP+)
to NADPH. Proton translocations coupled to electron transfer steps are used to generate a proton
motive force, which later drives the synthesis of adenine triphosphate (ATP). This energy
transduction stage is slower than light harvesting (1 ns), while occurring over a tenth of the
distance (10 nm). Finally, the intermediate products of photosynthesis, NADPH and ATP, are
used for the fixation of carbon dioxide into carbohydrates. The biochemical reactions require a
thousand-fold longer time interval than energy transduction (1 µs), and occur over a distance one
hundred times greater (1 µm). From light harvesting to carbon fixation, the energetic changes in
the stages of photosynthesis range from 0.1 to 1.0 eV. Exquisite spatial, temporal, and energetic
control is evidently exerted over orders of magnitude during photosynthesis.
In this evolutionarily conserved scheme,2 light harvesting antenna complexes constitute a
customizable interface between environmental restrictions over the quantity and quality of light
on one hand, and the machinery of energy conversion and storage on the other.2, 5, 7, 11-12 So long
as antenna complexes could be devised to efficiently capture and funnel solar energy as
molecular excitons to the photochemical reaction center, the scheme has the distinct advantage
that the rest of the photosynthetic apparatus need not be reinvented for each new habitat. In fact,
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all oxygen-evolving organisms—algae, cyanobacteria, and plants—conduct photosynthesis using
Photosystem II, the only known complex in nature capable of splitting water into electrons,
protons, and molecular oxygen.13 However, the photophysical properties of antenna complexes
must be tailored to match the distribution of light wavelengths and intensities in an ecological
niche, as already noted, with a rather restricted materials repertoire6 because of biosynthetic and
metabolic considerations.7
Photosynthetic organisms have satisfied these competing requirements by modulating the
photophysical properties of a few chromophore types as a function of molecular structure,
conformation, conformational flexibility, and environment. The result (Figure 1-3) is a plethora
of architecturally and spectroscopically distinct antenna complexes that harvest solar energy
from the entire photosynthetically useful spectral range with up to unit quantum efficiency.5, 10
The versatile and robust mechanisms linking antenna architecture to optical property modulation,
if elucidated, have the potential to significantly advance the rational design of molecules and
supramolecular assemblies with application-specific photophysical properties. Such materials are
essential for continued advances in biomedical diagnosis and therapy,14-15 micro- and
nanofabrication,16-17 data storage and transmission,17 solar energy conversion,7 chemical
sensing,18-19 and catalysis.20
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Figure 1-3. Exemplary light harvesting antenna structures and their spectral profiles. The figure is
reproduced from Ref. 10.

At the intersection of understanding fundamental photobiological processes and
advancing the development of next generation light-responsive materials, the mechanisms of
optical property modulation for natural and synthetic chromophores are revealed in this thesis
using quantum chemistry. The following sections detail the basic structures and spectroscopic
properties of natural light harvesting pigments with an emphasis on the structural types relevant
to the investigations of this thesis. Also given is a discussion of the general mechanisms used by
nature to modulate chromophore optical properties, as well as the biological context for the light
harvesting antenna protein that is the subject of Chapter 4.
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1.2. Building Blocks of a Natural Antenna
Pigments and proteins constitute the building blocks of a natural light-harvesting antenna
complex.5 In the context of photosynthesis, a pigment (or chromophore) is an organic molecule
that absorbs specific wavelengths of light due to a conjugated π-electron system of alternating
single and double bonds.13 The structure, symmetry, shape, and size of the conjugation path all
influence the spectroscopic properties of the chromophore.3 The conjugated portions
(chromagens) of photosynthetic pigments are either tetrapyrrolic or polyenic in nature, and adopt
linear or cyclic geometries.8 More specifically, the limited pallet of photosynthetic pigments
consists of (B)Chls (cyclic tetrapyrroles), phycobilins (linear tetrapyrroles), and carotenoids
(linear polyenes).3, 8 These pigments may be held by intermolecular forces, or covalent linkages
within a protein matrix. In the following, each pigment type is discussed in turn, and then the
role of the protein in antenna complex function is examined.

1.2.1. (Bacterio)Chlorophylls
Chlorophyll a (Chl a) is the quintessential pigment of photosynthesis and is responsible
for the green coloration of plants.1 More impressively, this pigment is present in the light
harvesting antennas of almost, and the reaction centers of, all oxygenic photosynthetic
organisms3 where the cofactor is respectively used to capture and transfer photoexcitation energy
or to perform photoredox chemistry.21
Chl a is a member of the widely distributed and functionally diverse tetrapyrrolic
macrocycle cofactor family.22 The parent structure is porphyrin, a fully unsaturated cyclic array
of four pyrroles linked by methine carbons into a closed-conjugated 18π aromatic system having
two cross-conjugated β,β’-double bonds (Figure 1-4a). Successive reduction and thereby removal
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of the β,β’-double bonds from conjugation with the aromatic nucleus gives a chlorin (one bond
reduced, Figure 1-4b), and either a bacteriochlorin or isobacteriochlorin (two bonds reduced on
opposite, Figure 1-4c, or adjacent, Figure 1-4d, pyrrole subunits, respectively). Of these
structural classes, Chl a is a chlorin-type pigment that has a centrally coordinated Mg(II) ion,
various peripheral substituents, and an annulated isocyclic pentanone ring (Figure 1-1a).3
(a)

(b)
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Figure 1-4. Framework and π-system structures of porphyrin and hydroporphyrin classes, and the
numbering system used. Conjugated 18 π-systems are highlighted in red, cross-conjugated β,β’-double
bonds are in blue.
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The physicochemical properties of Chl a are not ideally suited to all photic environments
inhabited by photosynthetic organisms. One level of chromatic adaptation (where “adaptation”
implies hereditary and evolutionary adjustments) involves structural perturbations.1 Various Chls
are characterized by the presence of a porphyrin, chlorin, or bacteriochlorin conjugation
pattern.2-3 The c-type Chls of chromophyte algae and some prokaryotes have a porphyrin
chromagen, whereas the a-, b-, d- and f-type Chls of oxygenic photosynthetic organisms feature
a chlorin nucleus.3 Chls found in anoxygenic bacteria are termed bacteriochlorophylls. In the
following, BChls is used to specifically refer to bacteriochlorophylls, whereas (B)Chls indicate
the family of (bacterio)chlorophylls more generally. The c-, d-, and e-type BChls of green
anoxygenic bacteria are of the chlorin variety, whereas the a-, b-, and g-type BChls of other
anoxygenic bacteria are bacteriochlorins.3 BChl f has not been found in nature, but the putative
structure would be a chlorin-type pigment.23 The chemical structures for representatives of these
types of (B)Chls are shown in Figure 1-5, along with the associated solution-phase spectra.
Chls b, d, and f form a remarkable instance of chromatic adaptation relevant to the study
of regioisomeric porphyrinoids in Chapter 3.24 The longest wavelength absorption maxima of
these Chls span a 50 nm range due, in part, to the varied macrocyclic position of a formyl
substituent.24 In general, by adjusting the degree of conjugation and the substitution pattern
around the macrocycle, the various (B)Chls have longest wavelength absorptions in solution
from ~640-800 nm, which can be extended in vivo to 1020 nm.2-3,

5

However, other effects

originating from differences in the environments of these pigments also contribute to the in vivo
spectral spread.25 Environmental spectral tuning mechanisms are discussed later in this chapter,
as well as Chapter 4.
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Figure 1-5. Chemical structures of representative (a) porphyrin-, (b) chlorin-, and (c) bacteriochlorin-type
chlorophylls, as well as the associated solution-phase absorption spectra. Part d of the figure is
reproduced from Ref. 5.
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As seen in Figure 1-5d, all (B)Chls absorb at the extremes of the visible spectrum, with
near-UV or blue Soret (also called B) and red or near-IR Q bands. Excitation into the Soret band
produces excited states that relax within picoseconds to longer-wavelength absorbing Q states,
which have nanosecond lifetimes.2 The excitation energy and electron transfer reactions
performed by (B)Chls in photosynthesis originate from the Q states.
The optical properties of these (hydro)porphyrins are principally determined by the
energies and electronic distributions of the two highest occupied and two lowest unoccupied
molecular orbitals (HOMOs and LUMOs, respectively), as described by the Gouterman Four
Orbital model.26-27 Absorption of light can produce four different π-π* one-electron promotions
from the HOMOs into the LUMOs. Interactions between these electronic configurations strongly
influence the absorption spectra. The model is perturbative in that the electronic structure of an
arbitrary (hydro)porphyrin is interpreted with reference to the highest symmetry (D4h) parent
structure of a metalloporphyrin. The electronic structure of free base hydroporphyrins, which is
most relevant for Chapters 2 and 3, will be described by considering demetallation and β,β’double bond reductions as perturbations to the high symmetry metalloporphhrin case.
Under the D4h point group, the HOMO-1 and HOMO of a metalloporphyrin transform
according to a1u and a2u symmetry, respectively, whereas the LUMO and LUMO+1 belong to the
doubly degenerate eg set.26 To track the evolution of these orbitals as the molecular symmetry is
lowered, the HOMO-1 and HOMO are respectively given the generic labels b2 and b1, whereas
the degenerate LUMOs are indexed as c2 and c1.26 The orbitals for Mg(II) porphin (MgP), a
completely unsubstituted porphyrin, are shown in Figure 1-6a. The energetic evolution of the
orbitals is tracked in Figure 1-6b as the macrocycle is demetallated and peripheral double bonds
are reduced.
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(a)

a 1u (b 2 )
-5.20 eV

a 2u (b 1 )
-5.14 eV

e g (c 2 )
-2.15 eV

e g (c 1 )
-2.15 eV

(b)

Figure 1-6. (a) Frontier four orbitals for Mg(II) porphin (MgP). (b) Energetic evolution of the four
frontier orbitals as MgP is demetallated and subsequently reduced to give free base chlorin (H2C),
bacteriochlorin (H2B), or isobacteriochlorin (H2IsoB). The orbital energies are based on B3LYP/631G(d)-optimized structures in the highest possible symmetry point group (MgP = D4h; H2P = D2h; H2C =
C2v; H2B = D2h; H2IsoB = C2v). All symmetry-restrained structures were in local minima (no negative
vibrational frequencies). The calculations were performed in Gaussian 09 Revision D.01.28
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The four possible single-electron promotions among these orbitals form pairs of
excitations that are polarized along the x- and y-axes that bisect the macrocyclic nitrogen
atoms.29 Figure 1-7 shows for free base porphin (H2P) and chlorin (H2C) the axis definitions, the
four orbital transitions, and the resulting excitations, which are composed of similarly polarized
electronic configurations. The b1 → c2 and b2 → c1 transitions are x-polarized, whereas the b1 →
c1 and b2 → c2 transitions are y-polarized.

Figure 1-7. The Gouterman Four Orbital model for free base (a) porphin and (b) chlorin. The coordinate
systems, orbital transitions and associated polarization axes, and resulting excited states are indicated.
Part b of the figure for chlorin is applicable to other hydroporphyrins with only variations in the extent to
which b1 and b2 (or c1 and c2) are non-degenerate. The figure is reproduced from Ref. 29.
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Strong interactions between the electronic configurations are permitted in a D4hsymmetric metalloporphyrin because of the equivalence of the axes and near degeneracy of the
HOMOs. The result is a strong near-UV (~400 nm) and a weak visible (~580 nm) absorption
band due to allowed and forbidden pairs, respectively, of x- and y-polarized transitions.26
Conversion of a metalloporphyrin to the free base form lowers the symmetry to D2h,
renders the molecular axes no longer equivalent, and lifts the degeneracy of differently polarized
excitations. The B and Q bands are each split into absorptions polarized along the NH-NH (or x-)
and N-N (y-) axes (Figure 1-7a).29 The absorption spectrum retains an intense (overlapping) pair
of Bx and By bands (where the subscript indicates the polarization axis), and a series of side
bands that decrease in intensity with increasing wavelength.29 There are four side bands, two for
Qy and two for Qx that correspond to transitions into the ground or first excited vibrational levels
of these electronically excited states from the ground electronic configuration.
Subsequent reduction of the β,β’-double bonds in H2P does not necessarily lower the
molecular symmetry: a chlorin or isobacteriochlorin are C2v-symmetric, but a bacteriochlorin
retains a D2h point group designation. In all these hydroporphyrins, however, the structural
modifications preferentially destabilize the b2 and c1 orbitals (Figure 1-6b), which each locate a
significant amount of electron density on the affected carbons (Figure 1-6a).26-27 As a result, the
ordering of the b2 and b1 orbitals is inverted, the HOMO-LUMO gap is narrowed (except for
isobacteriochlorin), the longest wavelength absorption is bathochromically shifted, and intensity
is redistributed from the Soret to Q bands.26 Reduction also increases the conformational
flexibility of the macrocycle, which broadens the absorption features, and any distortions from
planarity further contribute to a bathochromic shift.21 It is important to note that the x- and ypolarization axes for all hydroporphyrins bisect the unprotonated and protonated nitrogens,
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which is reversed from the convention used for fully unsaturated porphyrins (Figure 1-7). Thus,
the longest wavelength absorption for a porphyrin is Qx, but for all hydroporphyrins it is Qy.29
The Four Orbital model just outlined has proven applicable to a wide assortment of
structurally modified porphyrins beyond those originally considered by the theory. This is
particularly the case for pyrrole-modified porphyrins,30-31 in which one or more pyrrolic subunits
of the macrocycle have been replaced by heterocycles of different ring sizes and compositions.
Hydroporphyrins in which one or two pyrroles are formally expanded to a morpholine (Chapter
2),32 or replaced by an oxazolone (Chapter 3)33 both have electronic structures that conform to
the Four Orbital model. The principle concern in these chapters is to uncover the structural
origins of electronic property modulation as evidenced in optical and magnetic resonance
experiments. Emphasis is particularly placed on understanding the wavelength shifts of the Qy
band because of the relevance of this absorption feature to (bio)technological applications.

1.2.2. Phycobilins
Notwithstanding the structural diversification among photosynthetic (B)Chls for
chromatic adaptation, all these pigments absorb blue-green wavelengths only minimally.3 This is
problematical for marine or freshwater organisms, because the aquatic environment filters out
the red wavelengths of light usually harvested by (B)Chls, and the blue wavelengths are scattered
by suspended particulate matter.2 At only a few tens of meters, most of the available underwater
light is green.34-35
To inhabit aquatic ecosystems, cyanobacteria and some eukaryotic algae have gone
farther than other organisms in modifying the structure of macrocyclic tetrapyrroles for desirable
optical properties.3 These aquatic organisms have fashioned green (550-650 nm) light-absorbing
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chromophores by splitting open a macrocyclic tetrapyrrole and tethering one or both ends of the
linear chain to a protein through thioether linkages.3,

8

Though these pigments, termed

phycobilins, are not discussed elsewhere in this thesis, a brief discussion of their properties is
offered to provide a comprehensive perspective on the pigments used in natural light harvesting.
The four most abundant phycobilin-type pigments are phycocyanobilin (PCB),
phycoerythrobilin (PEB), phycoviolobilin (PVB), and phycourobilin (PUB), which are
schematically shown in Figure 1-8 covalently-linked to cysteine residues of a protein.3 The
phycobilin-protein complexes, termed phycobiliproteins, constitute the only examples of natural
light harvesting antenna systems that have covalently bound pigments.2 These assemblies are
usually organized into supramolecular structures called phycobilisomes that spatially and
energetically funnel excitation energy to the site of photosynthetic energy conversion.3
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Figure 1-8. The four most abundant phycobilins shown schematically with thioether bonds to cysteine
residues to form phycobiliproteins. The bound phycobilins are named in the figure as cysteine addition
products, and the numbering convention is also indicated. The figure is reproduced from Ref. 3.

The unique covalent pigment-protein linkage(s) has significant spectroscopic
consequences. The unbound phycobilins only absorb visible light weakly and rapidly quench
excited states, thereby efficiently dissipating instead of collecting solar energy.3 The
chromophores are also chemically and photochemically labile.3 However, when tethered to a
protein via specific cysteine residues, the extinction coefficient increases more than five-fold, the
fluorescence lifetime increases by four orders of magnitude, and the structures become more
stable to oxygen.3 The photophysical changes have been attributed to the binding-site imposed
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linear conformation and restricted conformational flexibility of the phycobilins, as well as the
local electrostatic influences of the protein, which are known to shift the absorption maxima up
to 100 nm.3 The thioether tethers are thought to have no direct role in the photophysical changes,
because the spectroscopic properties of the phycobilins are similar when either free in solution or
bound to a denatured phycobiliprotein.3

1.2.3. Carotenoids
Carotenoids represent an alternative solution to phycobiliproteins for blue-green (450550 nm) absorption by aquatic photosynthetic organisms.3 Structurally, carotenoids are
tetraterpene derivatives that are initially formed from the head-to-tail polymerization of eight
isoprene units, except at the center of the molecule where the connection is reversed to be tail-totail.4 Starting from this common C40 skeleton, typical structural alterations include the degree of
unsaturation, cis/trans isomerization, cyclization, double-bond rearrangement to allenic or
acetylic units, the introduction of hydroxyl, epoxy, or other oxygen-containing groups and
glycosylation or acetylation of them, as well as the expansion or truncation of the carbon
framework.3 The resulting hundreds of known carotenoids are classified as either carotenes or
xanthophylls depending on the absence or presence, respectively, of oxygen-containing
functional groups.4, 36 Figure 1-9 shows an assortment of carotenoids found in photosynthesis.
One of the most abundantly biosynthesized carotenoids is the highly functionalized peridinin,37
which is of importance in aquatic photosynthesis by dinoflagellates.38 Peridinin is the primary
pigment in a dinoflagellate antenna complex that harvests solar energy at the blue-green
wavelengths of maximal solar irradiance with nearly 100% quantum efficiency.38-39 The light
harvesting mechanisms operative in this antenna complex are elucidated in Chapter 4.
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In photosynthesis, one role of carotenoids is to serve as primary or accessory pigments
depending on the photic environment of the organism.3,

36, 40

They are often found in close

association with (B)Chls to facilitate excitation energy transfer (EET) at rates that compete with
the short (fs to ps) lifetimes of carotenoid excited states.40 In a sense, carotenoids are an
environment-customized interface to (B)Chls, just as light harvesting antenna complexes are for
the photosynthetic machinery of energy conversion.
In addition to this light harvesting function, carotenoids are found in almost all antenna
complexes (the exception being phycobiliproteins) to provide photoprotection.3 When the
incident light far exceeds the capacity of the photosynthetic apparatus, carotenoids may (1)
dissipate as heat excess excitation energy transferred (back) to them from (B)Chls, (2) quench
triplet state (B)Chls before the generation of singlet oxygen is sensitized, or (3) scavenge any
singlet oxygen that manages to form.2-3, 36 Carotenoids also provide structural stability to proteinpigment complexes.36, 41-43 Carotenoids and their degradation products, particularly the retinoids,
additionally participate in a myriad of biological functions besides photosynthesis, including
vision, coloration, signaling, photoprotection, immune system activation, and anti-lipid
peroxidation.4
The functions of photosynthetic carotenoids in collecting and regulating the flow of
excitation energy result from the geometric and electronic structures of these molecules. The
central, spectroscopically relevant portion of a carotenoid is the linear polyene chain composed
of alternating carbon-carbon single and double bonds.40 In the limit that the appended moieties
minimally perturb the C2h symmetry of the conjugated system, the optical properties of a
carotenoid can be largely interpreted using a three state model (Figure 1-10) developed originally
for unsubstituted linear polyenes.36, 40
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Figure 1-10. Three state electronic structure model for carotenoids. The singlet ground and first two
excited states (S0, S1, and S2) are given symmetry designations (11Ag-, 21Ag-, and 11Bu+) that only apply
approximately. Abs and IC indicate the processes of absorption and internal conversion, respectively. The
figure is reproduced from Ref. 36.

Under C2h symmetry, the ground (S0) and first excited (S1) states of carotenoids belong to
the same “Ag” irreducible representation, and have the same minus (“-“) alternancy symmetry
(where the quotations indicate “approximate”).40, 44 Alternancy symmetry describes one-electron
pairing properties.44 States characterized by a subtraction of two one-electron configurations are
minus states, and in a valance bond picture, correspond to a linear combination of bonding
structures with minimal charge separation.45 These states are referred to as covalent in nature.
Transitions between S0 and S1 of carotenoids are quantum mechanically forbidden because either
type of symmetry is identical in both states.36,

40

However, these transitions are still not

experimentally observed for carotenoids, like peridinin (Figure 1-9), where the substitution
pattern strongly breaks both the geometric and alternancy symmetries.46 A recently proposed
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explanation for these cases attributes the forbiddenness to poor Frank-Condon overlap of the S0
and S1 potential energy surfaces because of severe geometric distortions in the S1 state.46
By contrast, transitions from the S0 to second excited (S2) state of carotenoids are
strongly allowed, because S2 has instead “Bu” geometric and plus (“+”) alternancy symmetries.40,
44

Plus states are ionic in nature, characterized by the addition of two one-electron excitations.45
Depending on the particular carotenoid, this model is amended to include additional dark

states or an intramolecular charge transfer (ICT) state.39,

47

In many cases, including that of

peridinin,45, 48-51 the presence and nature of these other states is the subject of ongoing debate.

1.2.4. Proteins and Proteinochromic Effects
Proteins almost always orchestrate the light harvesting function of natural antenna
complexes through a balanced interplay of intra- (chemical structure) and intermolecular
(protein-pigment and pigment-pigment) interactions.7,
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The only known exception is

chlorosomes from green photosynthetic bacteria, where pigment-pigment interactions among
aggregated BChls are the dominant factor.5 In all other natural antenna complexes, the protein
selects multiple pigments of the same or different type to be bound at specific locations within
electrostatically heterogeneous environments.53 The binding sites also impose specific
conformations,21,
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restrict the conformational flexibility, and establish spatial relationships

among the bound cofactors to either facilitate EET at controlled rates, or dissipate excess energy
under high light conditions.7
By controlling the chemical structure, conformation, and electrostatic environment of
each chromophore, the absorption spectra of the pigments are tuned by the protein, which acts as
a so-called smart matrix.5 The chemical structure of a pigment is selected by the protein for the
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intrinsic effects it has on spectral properties, as well as the binding affinity for the complex. The
polyene portions of carotenoids, for example, are responsible for the photophysical properties,
and drive the association with all known natural antenna complexes through π-π stacking
interactions with aromatic residues and tetrapyrrolic cofactors.40-41 The particular carotenoid
discussed in Chapter 4, peridinin, is known not to associate with the protein if any of a variety of
chemical modifications, however small, are made to the chromophoric portion of the molecule.55
Given a particular pigment, binding-site selected conformational distortions relative to
the fully relaxed and unbound molecule represent the first (sometimes called indirect) way in
which the intrinsic properties of the molecule are perturbed by the protein.25 Geometric
distortions displace the molecule to higher energy regions of the ground state potential energy
surface. The region of the excited state into which the molecule will be promoted by light is also
energetically different, but the changes for the ground and excited states are in general not the
same. Thus, proteins regulate the vertical energetic distance between the ground and excited
states of a chromophore—the vertical excitation energy—by selecting particular conformers.
A second, or direct spectral tuning effect originates from the different electrostatic
interactions with the local environment experienced by the chromophore in the ground and
excited states.25 This effect can conceptually be divided into various contributions under certain
assumptions. If the chromophore and protein can be treated as two separate subsystems with
non-overlapping charge densities, Pauli repulsion between these two regions can be neglected,
and the other protein-pigment interactions can be considered in a perturbative fashion.25 Under
the dipole approximation, the protein-pigment electrostatic interactions can be partitioned into
separate effects belonging to one or the other of the subsystems.25
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The binding site imposes an electric field that polarizes the ground state electron density
of the chromophore. Absorption of a photon by the chromophore then induces a reorganization
of the electronic density that may be (de)stabilized by the ground state polarization. As the
electrostatic moment of the bound pigment changes, induced dipoles of the surrounding protein
adjust in response to the instantaneous movement of chromophore electron density (the transition
moment), and to the differences in the final versus ground state densities. Reorganization of the
nuclear (as opposed to electronic) coordinates of the environment occurs on a longer time scale.
The induced dipoles of the chromophore, in turn, adjust to the polarization of the environment in
a way that depends on the different polarizabilities of the ground and excited states. Finally,
dispersive interactions of the chromophore with the surrounding protein also change upon
excitation, because the ground and excited states have different London dispersion coefficients.
The tuning of chromophore photophysics by these conformational and electrostatic
effects has been termed proteinochromism,25 in analogy with the well-studied solvatochromic
effect of dyes.56 Proteinochromism is distinct from solvatochromism in that the heterogeneous
and anisotropic local structure of a protein binding site cannot in general be well approximated
by a time-averaged, bulk or continuum solvent theory.25
Though the mechanisms of proteinochromism are well-established, there is currently no
theoretical method that treats all of the effects reliably and equally well.25 To a first
approximation of the absorption process, however, it is sufficient to neglect the polarization of
the environment after excitation of the chromophore, and the subsequent response of the
chromophore to the altered environment.12, 57 The mutual re-equilibration of chromophore and
environment electron densities is the basis for (usually small) higher order correction terms to the
effect of exciting the pigment in the unperturbed or frozen protein electric field.12, 57 Methods to
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include the influence of dispersive protein-pigment interactions on spectral properties are
currently underdeveloped,25 causing this effect to also be neglected except in noteworthy
instances.58-59 We demonstrate in Chapter 4 that, at least for one natural antenna complex,
experimentally derived absorption maxima for protein-bound chromophores can be reproduced
under these approximations within 11 nm by supramolecular quantum mechanical/molecular
mechanical (QM/MM) methods. Supramolecular QM/MM is an approach that includes all
chromophoric units of a cofactor cluster in the QM region of a multi-scale simulation to account
for inter-pigment polarization and exciton delocalization in a sophisticated way.
Inter-pigment interactions are formally not included under proteinochromism. The
hypothetical absorption maximum that a bound pigment has in the absence of interactions with
other pigments is known as the site energy,12 and the shift of this value relative to the excitation
energy of the fully relaxed pigment in a vacuum is attributed to proteinochromism.25 However,
the protein also sets the distances and mutual orientations that define the multichromophoric
array of the antenna complex, and which regulate inter-pigment interactions.7 These contacts can
further tune the absorption spectrum of the assembly, as well as control the flow of excitation
energy in the photosynthetic apparatus.
Depending on the strength of excitonic coupling among the pigments, the interactions can
facilitate the hopping (Förster resonance energy transfer) or wave-like (quantum coherent)
propagation of the excitation energy towards the reaction center.8 Energy is usually funneled in
either fashion from pools of pigments absorbing at shorter- to longer wavelengths over either the
entire distance to the reaction center, or until reaching a population of isoenergetic pigments
nearby the destination.2,

5

The EET strategies are efficient if spatial and energetic gaps in the

succession of pigments that would otherwise prematurely trap the energy are avoided.5 The local
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concentration of pigments also cannot be sufficiently high to quench and dissipate the energy as
heat.5 If the incident light intensity exceeds the capacity of the photosynthetic apparatus,
however, inter-pigment interactions can be adjusted through a protein conformational change to
dissipate the harvested energy.54
In fact, the dynamics of the antenna complex environment constitutes a final mechanism
through which (ultimately) the protein orchestrates the light harvesting process. Each boundpigment resides in a “bath” or reservoir of vibrational modes originating from the protein and
cofactors, including intramolecular motions. The frequency-dependent coupling of these nuclear
displacements with electronic excitations is described as the spectral density, and regulates the
quantum dynamics of energy transport.12

1.2.5. Self-Assembling the Pieces of an Antenna Complex
Pigments of specific types and in definite proportions adopt spatial arrangements
appointed by a protein as the polypeptide folds into a ternary architecture. The resulting light
harvesting antenna complex may contain more than one functional domain, and may associate
with other functional subunits at the quaternary level of structure. To the biosynthetic, metabolic,
photophysical, and environmental requirements for a natural antenna complex mentioned earlier
must be added the property of self-assembly.7
As already noted, the catalog of natural antenna complexes that satisfy all of these
requirements is structurally and spectroscopically diverse. Each complex represents a solution to
the multivariate optimization challenge, but there is perhaps sufficient flexibility in the
combinations of the building blocks for the solutions to be non-unique. This point is suggested
by a comparison of the peridinin-chlorophyll a protein (PCP) antenna complex from
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photosynthetic dinoflagellate Amphidinium carterae, a species that is notorious for causing
harmful algal blooms (“red tides”), and phycocyanin 645 (PC645) from cryptophyte algae
Chroomonas mesostigmatica.43 The light harvesting mechanisms operative in PCP are elucidated
in Chapter 4.
Both PCP and PC645 (Figure 1-11) are water-soluble antenna systems that have intracomplex energy transfer efficiencies close to unity.43 However, this functional similarity is
realized with strikingly different structures. PCP harvests light using carotenoid and chlorophyll
pigments held within van der Waals contact by a single polypeptide; PC645 uses instead
phycobilins that are not in contact with one another, and bound to four different subunits of a
quaternary assembly.43 There are complex reasons why PCP and PC645 are used by different
species of photosynthetic algae. The important observation, though, is that very different antenna
complex designs give similar light harvesting efficiencies, suggesting the versatile and robust
nature of the principles and strategies discovered in the course of evolution.

Figure 1-11. Crystal structures of two highly efficient natural antenna complexes. (a) PCP, with eight
peridinin (Per; red) and two Chlorophyll a (Chl a; green) pigments shown. (b) PC645, with
dihydrobiliverdins (DBVs; orange), mesobiliverdins (MBVs; red), and phycocyanobilins (PCBs; blue)
pigments shown. The figure is reproduced from Ref. 43.
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In addition to structural and spectroscopic aspects, the locations of protein-pigment
antennas within the photosynthetic apparatus further differentiate types of light harvesting
complexes. The spatial distribution of various membrane-integral and aqueous antenna
complexes used by oxygenic eukaryotes is reviewed in the next section within the biological
context of the photosynthetic process. The focus is on oxygenic photosynthesis, because this is
the type used by dinoflagellates, which express the PCP antenna examined in Chapter 4.

1.3. Natural Antennas in the Context of Chloroplast-Based Photosynthesis
Eukaryotic photosynthesis is localized in chloroplasts, subcellular structures a few
micrometers in diameter that are bacterially derived from an ancient endosymbiotic event.2,

13

Almost all chloroplasts are thought to originate from a cyanobacterium that was engulfed by a
eukaryote. Over time, only this organelle was retained and integrated into the host organism, and
inherited by other photosynthetic eukaryotes.
Depending on the number of subsequent endosymbiotic events, chloroplasts consist of an
envelope of two or more outer membranes13,

60

that enclose an aqueous space known as the

stroma. A complex network of thylakoid membranes within the stroma constitutes the primary
site of photosynthesis.8, 13 The thylakoids are either stacked into grana or left unstacked as stroma
lamellae, and enclose a single, continuous aqueous space known as the lumen.13 The architecture
of the chloroplast is depicted in Figure 1-12.
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Figure 1-12. Schematic representation of a chloroplast showing (a) the stacked thylakoid membranes
within the outer-membrane-bond aqueous compartment of the stroma, and (b) the spatial distribution of
photosynthetic complexes embedded in the thylakoid membranes. The figure is reproduced from Ref. 8.

Four multi-subunit complexes embedded in the thylakoid membranes (Figure 1-12) form
the photosynthetic energy conversion apparatus. In order of the position along the electron
transfer chain conducted by these complexes, they are photosystem II (PSII), cytochrome b6f
(Cytb6f), photosystem I (PSI), and the ATP synthease (ATPase).13 PSII is found only in grana,
PSI and the ATPase in stroma lamellae, and Cytb6f in both types of thylakoids.2, 13
The chemistry of oxygenic photosynthesis commences when a special pair of Chls in
PSII is promoted to an electronically excited state, either directly by absorption of 680 nm light,
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or by EET from a pool of surrounding light harvesting antenna complexes.13 In the absence of
antenna complexes, sunlight is sufficiently dilute to only excite the reaction center Chls every
100 ms, which is an eternity on biological timescales.2 The photosynthetic apparatus, which is
expensive from a protein synthesis perspective because of its relatively low pigment density,5
would be idle most of the time. When stimulated by light, the initial photoproducts would
moreover decompose long before the second photon had arrived, meaning that the multi-electron
processes of photosynthesis would not be possible.2
Antenna complexes resolve these difficulties by increasing the number of absorbing
pigments and by varying the wavelengths at which each absorbs, thereby effectively amplifying
the absorption signal.7 Several types of antenna complexes are used, which are characterized by
the location or distance from the reaction center.2 Antenna complexes that cannot or can be
biochemically separated from the reaction center are called fused and core complexes,
respectively. Examples of the latter type are CP43 and CP47 of PSII. Fused and core antennas
both have well defined pigment stoichiometries and spatial relationships with respect to the
reaction center. A third type of antenna complex is known as peripheral, and participates in
regulatory mechanisms of the photosynthetic apparatus. These complexes are mobile in the
thylakoids, and their expression level varies with growth conditions. The light harvesting
complex II (LHCII) of PSII is an example of a peripheral antenna complex. Fused, core, and
peripheral antenna complexes are all classified as integral components of the thylakoid
membranes, with deeply buried pigments and membrane-spanning polypeptides.2 Some
oxygenic organisms, most notably photosynthetic dinoflagellates, have evolved another
dimension to their light harvesting machinery called an extrinsic antenna complex that resides in
the aqueous lumen. The already-mentioned PCP complex is an example of an extrinsic
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antenna.61 It is thought that PCP transiently associates with the thylakoid membranes to transfer
harvested energy either to a membrane-integral antenna complex, or directly to the PSII reaction
center.39 However, very little is presently known about this process.39
After optical preparation, the excited PSII special pair of Chls form charge-separated
species. A rapid sequence of secondary electron transfer reactions then physically separates the
charges to prevent recombination and energy dissipation in the form of heat.13 The electron
donated by the excited special pair is ultimately used to reduce plastoquinone, a small lipophilic
electron carrier in the thylakoid membrane. A tetranuclear manganese cluster that catalyzes the
oxidation of water known as the oxygen-evolving complex (OEC) in turn reduces the special
pair, re-setting the system for the next excitation and energy transduction event. This process
must be repeated four times to evolve O2 from two water molecules, to deposit four protons in
the lumen, which contributes to a concentration gradient relative to the stromal side of the
membrane, and to supply the electrons needed to reduce two plastoquinones to plastoquinols.13
Both plastoquinols are subsequently re-oxidized at Cytb6f, which uses the electrons to reduce
two molecules of plastocyanin, a small water-soluble electron carrier in the lumen, and to reduce
a third molecule of plastoquinone to plastoquinol. Importantly for the generation of proton
motive force, the four protons liberated from the re-oxidation of the plastoquinols are released
into the lumen, whereas the two protons used in the reduction of the third plastoquinone
molecule are taken up from the stroma.13
Each reduced plastocyanin docks onto PSI and transfers one electron to the special pair of
Chls, which in turn, donates an electron ultimately to ferrodoxin, a small water-soluble electron
carrier in the stroma. Similar to PSII, the PSI special pair of Chls is excited either directly by
absorbing 700 nm light (20 nm longer wavelength than in PSII), or by receiving excitation
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energy from the pools of surrounding fused, core, peripheral, or possibly extrinsic antenna
complexes.2,

13

Subsequent oxidation of ferrodoxin is coupled to the reduction of NADP+ to

NADPH at the ferrodoxin-NADP+ oxidoreductase for the terminal step of the electron transfer
chain. The excess protons that accumulated on the luminal side of the membrane are allowed to
passively diffuse down the concentration gradient into the stroma while driving the
phosphorylation of ADP at the ATPase.
The synthesis of NADPH and ATP concludes the light-dependent reactions of
photosynthesis.2, 13 The fixation of carbon dioxide by the Calvin-Benson cycle constitutes the socalled dark reactions.2

13

The light and dark reactions are spatially separated, occurring in the

thylakoid membranes or aqueous stroma, respectively.13

1.4. Scope of the Work
In the subsequent chapters, this thesis examines structural and environmental tuning
mechanisms for macrocyclic tetrapyrrole (porphyrinoid) and carotenoid pigments using quantum
chemical methods. In particular, porphyrinoids in which one or more pyrrole subunits have been
expanded to a partially saturated, six membered oxygen-containing ring (morpholine; Chapter 2),
or altered to incorporate a lactone moiety (oxazolone; Chapter 3) are considered. These synthetic
analogues of natural pigments respectively reveal the influence of local conformational
distortions and electronic substituent effects on the optical properties of the chromophore. Both
mechanisms are relevant to the spectral tuning of (B)Chls pigments in natural light harvesting
complexes. A highly efficient natural protein antenna from photosynthetic marine algae will then
be examined in Chapter 4 to delineate the interplay of protein-pigment and pigment-pigment
interactions that tune the absorption wavelengths of the bound carotenoids to span the blue-green

34

spectral region of maximal solar irradiance. Taken together, these studies advance the
understanding and utilization of structure-optical property modulation mechanisms for
porphyrinoid and carotenoid pigments.
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Chapter 2

Bacteriochlorins with a Twist:
Discovery of a Unique Mechanism to
Red-shift the Optical Spectra of Bacteriochlorins

The material presented in this chapter is adapted with permission from Guberman-Pfeffer, M. J.;
Greco, J. A.; Samankumara, L. P.; Zeller, M.; R. Birge, R.; Gascón, J. A.; Brückner. C.
Bacteriochlorins with a Twist: Discovery of a Unique Mechanism to Red-Shift the Optical
Spectra of Bacteriochlorins. J. Am. Chem. Soc. 2017, 139, 548-560. Copyright © 2017,
American Chemical Society.
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2.1. Introduction
Hydroporphyrins are the key light harvesting pigments in nature.62 While algae and
higher plants utilize chlorophylls, the green Mg(II) complexes of 2,3-dihydroporphyrins
(chlorins), the photosynthetic pigments of the anoxygenic phototropic purple bacteria are Mg(II)
complexes of 2,3,12,13-tetrahydroporphyrins (bacteriochlorins), such as bacteriochlorophyll a,
(1; Figure 2-1).63 The solid state conformations of the naturally occurring bacteriochlorins are
overall planar with only minor deviations from the mean plane in each of the pyrroline rings.64-65
However, local distortions in select examples were suggested as being important for spectral
tuning.66

O

N

N
Mg

N

N

CO2MeO
CO2Phytyl
Figure 2-1. Chemical structure of bacteriochlorophyll a, 1.
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While the conformational modulation of the electronic properties of natural and synthetic
porphyrins through steric crowding of their periphery or through protein interactions is wellknown,21, 67-72 the corresponding modulation of the more flexible hydroporphyrins in general,73-78
and bacteriochlorins in particular,66, 79-81 was much less studied. Moreover, the conformational
effects in hydroporphyrin analogues containing six-membered rings may be subject to unique
effects,31 but have not been the focus of any systematic study,30, 82-83 even though computations
of the electronic properties of hydroporphyrin optical spectra are well-described.75, 84-87
Bacteriochlorins possess characteristic three-band absorption spectra, including a highintensity Soret feature (B band) and two spectrally distinct Q bands, Qx and Qy, whereby the
longest absorption Qy band (also referred to as the λmax band), lies well above 700 nm.27 Because
bacteriochlorins absorb strongly within the spectroscopic window of tissue (the range between
~700 to well above 1000 nm; light of 735 nm possesses the deepest penetration depth in
tissue),88 significant efforts have been devoted to the synthesis and spectral modulation of
bacteriochlorins for their utilization as photochemotherapeutics,89-97 imaging agents,15,

98-101

or

optical labels.14, 93, 102-104 The NIR absorption properties can also be beneficial for their utility as
chemosensors105 or light-harvesters.106-108 An understanding of the conformational modulation of
the electronic properties of bacteriochlorins is therefore of broad interest.
Synthetic bacteriochlorins can be prepared by total syntheses,109-113 semi-synthetic
approaches using naturally occurring tetrapyrroles,90,

102, 114

and by conversion of synthetic

porphyrins.99 The latter option remains attractive because of its simplicity, but this methodology
also presents some limitations.99 Among the potential problems, simple reductions of Cβ-Cβ
double bonds may be reversible under ambient conditions.115-118 Irreversible addition reactions to
generate chemically more robust bacteriochlorins are frequently subject to regio- and
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stereochemical complications.119-123 We, and others,124-125 described the OsO4-mediated
dihydroxylation

of

meso-arylporphyrin

2Ar

to

generate

the

corresponding

2,3-vic-

dihydroxychlorins 3Ar and regioselectively126 the 2,3-vic-12,13-vic-tetrahydroxybacteriochlorins
4Ar as a mixture of two separable regioisomers (Scheme 2-1).127
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Scheme 2-1. Syntheses of chlorin diols 3Ar and bacteriochlorin tetraols 4Ar by OsO4-mediated
dihydroxylation of a meso-tetraarylporphyrin, and ring-expansion of chlorin 3Ar to
morpholinochlorin 5Ar127
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In an approach that has no precedent in nature, we explored a range of functional group
conversions of one or two dihydroxypyrroline moieties into non-pyrrolic heterocycles, thus
generating chlorin and bacteriochlorin analogues carrying a number of different functional
groups and possessing a range of optical properties; we dubbed our approach the ‘breaking and
mending of porphyrins’.30-31,

83

Others developed related hydroporphyrinoid analogues either

through porphyrin conversion or total synthesis.83 For instance, the isomeric planar
porphodilactones (7-I and 7-II, Figure 2-2), prepared by Zhang and co-workers, proved valuable
in understanding the electronic modulation of the chlorophylls.24 The presence of the oxazolone
(or, when the carbonyl is reduced, oxazoline) moieties also introduced a number of other
unexpected advantages over the parent porphyrins or hydroporphyrins with respect to
biodistribution, catalytic activity, the ability to photosensitize lanthanides, or the red-shifts of
their spectra.30, 128-131
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N
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O

C6F 5

7-II

Figure 2-2. Isomeric porphodilactones prepared by Zhang and co-workers.

One of the conversions of the dihydroxypyrroline moiety in the chlorin series (3Ar) was
the ring-expansion to a morpholine moiety (5Ar) (Scheme 2-1).132-134 This conversion resulted in
the formation of non-planar chlorin-type chromophores of persistent chirality with
bathochromically shifted optical spectra. In a preliminary report, we also described the
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conversion of one or two dihydroxypyrrolines in the tetrahydroxybacteriochlorins 4Ar into
morpholine moieties.80 The resulting products were severely non-planar chromophores
possessing all identical bacteriochlorin-type 18 π-electron systems, but with significantly
bathochromically shifted and broadened bacteriochlorin-type optical spectra.135
While the interpretation that the optical shifts resulted from the non-planarity of the
chromophore was highly suggestive,80 a number of observations were seemingly contradictory:
The most non-planar molecule was not the most red-shifted chromophore, and the shifts of the
Qx and Qy bands showed opposite trends in some cases. Though crystal packing effects could not
be excluded to explain some phenomena (all structural data were attained through single crystal
diffraction analysis), these observations also highlighted how little is known about the molecular
origin of the conformational modulation of bacteriochlorin-type chromophores.
In this chapter, we detail the synthesis, optical properties, and single crystal structure
analyses of the mono- and bis-morpholinobacteriochlorins. Using density functional theory
(DFT) and excited state methods, we delineate the origins of the optical shifts as a combination
of two largely independent contributions that arise through ruffling of the bacteriochlorin C16N4
chromophore and, described firstly here, twisting within the morpholine moiety, while the
presence of the ring oxygen(s) or co-planar meso-phenyl groups have only minor electronic
effects. This study thus delineates some design principles to tune the physicochemical properties
of meso-arylbacteriochlorins in the NIR region of the electromagnetic spectrum through ‘single
point mutations’ of the macrocycle. The conclusions derived may underline the mode of
chromophore modulations of certain bacteriochlorins found in nature. The findings also point at
a class of dyes for mechanochromic applications.
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2.2. Methods
2.2.1. Synthesis and Characterization
The preparations of all compounds are described in detail in the Supporting Information
to the original publication,32 including a reproduction of all NMR and UV-vis spectra. The
syntheses and spectral characterizations were performed by Lalith P. Samankumara in the

laboratory of Dr. Christian Brückner.

2.2.2. Computations
2.2.2.1. Geometry Optimization
All partial and full ground state geometry optimizations were performed with the Becke,
three-parameter, Lee-Yang-Parr (B3LYP) hybrid functional,136-137 a 6-31G(d) basis set, and an
ultrafine grid for integration, as implemented in Gaussian 09 Revision D.01.28 This model has
been recommended for hydroporphyrins.75, 86
Structures 4, 10, 11, 12, and 13 were fully minimized. Vibrational analyses confirmed
that these structures had no imaginary frequencies.
Structure 10c was derived from fully minimized 10 by replacement of the morpholine
oxygen with a methylene (CH2) fragment. Only the CH2 fragment was then minimized.
Structures 12C and 122C were derived in the same manner from fully minimized 12.
Structures 4morph and 4bismorph were derived from fully minimized 10 and 12 by deletion
of the morpholine oxygen, followed by minimization of only the flanking Cβ atoms to which the
oxygen had been attached.
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Structures 10conf-A and 10conf-B were derived according to the following procedure: First,
the pyrroline of the minimized tetramethoxybacteriochlorin 4 was expanded by oxygen insertion
and the saturated portion of the morpholine moiety was relaxed, while the conformation of the
rest of the structure was retained (4 → 10conf-A). Secondly, we adjusted the Cβ-Cα-Cα-Cβ dihedral
of the fully minimized structure of morpholinobacteriochlorin 10 to the value observed in 10confA

, and minimized the Cβ-O-Cβ portion of the morpholine while holding the rest of the molecule

fixed (10 → 10conf-B). This procedure provides two conformers of 10 (10conf-A and 10conf-B) with
identical morpholine Cβ-Cα-Cα-Cβ dihedral angles (20.4°), but that differ in the degree of nonplanarity of the remainder of the macrocycle.
Structure 15 was derived from fully minimized 11 according to the following procedure:
We broke the β-to-o-phenyl linkage in the minimized structure of 11, saturated the open valences
with hydrogen atoms, and arranged the affected meso-phenyl group perpendicular to the mean
plane of the chromophore.
Structure 16 was derived from 15 by replacing a Cβ H with an OCH3 fragment, and only
minimizing this OCH3 fragment.

2.2.2.2. Vertical Excitation Energy
Vertical excitations were calculated with time-dependent DFT (TD-DFT) at the
ωB97XD/6-31+G(d) level of theory. Mazzone et al. recently showed that this approach can
quantitatively reproduce the vertical transition wavelengths for 4, 10, and 11-13.87
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2.2.3. X-Ray Single Crystal Diffractometry
Details of the data collection and structural parameters for the structure elucidation of
12CF3, including CIF files, descriptions of disorder and hydrogen atom treatment, and software
packages used, can be found in the Supporting Information to the original publication.32 The
diffractometry analyses were performed by Matthias Zeller.
The crystallographic data, in CIF format, have been deposited with the Cambridge
Crystallographic Data Centre under number CCDC 1510280. These data can be obtained free of
charge

from

The

Cambridge

Crystallographic

Data

Centre

via

www.ccdc.cam.ac.uk/data_request/cif.

2.3. Results and Discussion
2.3.1. Syntheses and Solid State Structures of Morpholinobacteriochlorins
Dihydroxylation of known dimethoxychlorins 8Ar, prepared by alkylation of the
corresponding dihydroxychlorins 3Ar, generates regiospecifically the dimethoxy-protected
tetrahydroxybacteriochlorins 9Ar (Scheme 2-2).127 We subjected this bacteriochlorin diol to the
mild oxidation conditions (NaIO4, heterogenized on silica gel, CHCl3, alcohol, ambient
temperature) known to cleave the diol functionality to generate a secochlorin bisaldehyde and to
ring-close this intermediate in situ to form a dialkoxy-substituted morpholine moiety, leading to
a single product in satisfying yields.133 Based on the diagnostic NMR signals for the morpholino
moiety,133 it could be characterized as morpholinobacteriochlorin 10Ar, an assignment proven for
10CF3 by X-ray diffractometry.32 We will discuss the UV-vis spectra of 10Ar and all other
bacteriochlorin analogues prepared in detail below; for their fluorescence emission spectra see
the Supporting Information to the original publication.32
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The variation of the meso-aryl groups (Ph vs. p-CF3-Ph) had no effect on the principal
chemistry observed, the optical properties, or the molecular structure (see the Supporting
Information to the original publication),32 but the crystallinity of the CF3-substituted materials
was frequently higher than that of the parent phenyl-substituted analogues, and their 1H NMR
spectra were somewhat simplified, facilitating their analysis. In the following, we will discuss
the meso-aryl derivatives interchangeably. The variation of the morpholine alkoxy groups
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likewise had no effect on the optical spectra of the derivatives, but some effect on the
crystallinity of the products and it induced a profound difference in the chemical stability of the
derivatives. The methoxy derivatives were generally more robust than the corresponding ethoxy
derivatives.
The parent benchmark bacteriochlorin tetramethoxybacteriochlorin 6Ar, such as 6Ph(OMe)3-E
shown, possesses only a very slightly ruffled chromophore (Figure 2-3).127 The conformation is
not affected irrespective of the relative stereochemistry of the two pairs of diol groups or whether
they are unprotected or methyl-protected.127 The pyrroline moieties are slightly non-planar
because of the strain that is introduced to avoid an unfavorable eclipsed conformation of the two
vic-methoxy groups, but this distortion translates only minimally into the rest of the macrocycle.
In contrast, the introduction of a single oxygen atom into the bacteriochlorin framework has
dramatic structural consequences: The conformation of morpholinobacteriochlorin 10CF3 is
severely non-planar.80 It is significantly more ruffled than the corresponding morpholinochlorins
(such as 5Arb, with Ar = p-tolyl; a value for the root-mean-square deviation (RMSD) from
planarity of 0.176 Å).133-134 Unless otherwise indicated, RMSD values here and throughout the
chapter are calculated as RMSD =

!
!"

!
x!! +    x!! +    … +   x!"
, where x is the out-of-plane

deviation for each of the 20 atoms of the C16N4 macrocycle (i.e., excluding all pyrroline and
morpholine β- and O-atoms). Evidently, the bacteriochlorin chromophore is more flexible than
the chlorin chromophore and therefore responds much more strongly to the strain introduced by
the insertion of the oxygen atom between the two sp3-hybridized pyrroline β-carbons. The
increase of the flexibility of porphyrinoid macrocycles with increasing saturation is well
described.73, 138
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Figure 2-3. Capped stick models of the molecular structures of bacteriochlorin 6Ph(OMe)3-E (CCDC
756651),139 morpholinobacteriochlorins 10CF3 (CCDC 855681),80 mono-fused morpholinobacteriochlorins
11a (CCDC 855679),80 and bismorpholinobacteriochlorin 12 (CCDC 855680).80 Disorder and solvent
molecules, all meso-aryl groups and sp2-CH omitted for clarity. Left column: Oblique views, chosen such
that the distant pyrrole moiety is viewed from a similar perspective. Middle column: Front views of the
macrocycles; views in all compounds approximately along the N-N axis indicated by the arrows in the left
column. Right column: Out-of-plane displacement plots of the bacteriochlorin macrocycles. The listed
RMSD values were calculated for the C16N4 bacteriochlorin chromophore as described in the text. The
asterisk in the plot for 11a indicates the morpholine carbon linked to the neighboring meso-phenyl group.
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Treatment of morpholinobacteriochlorin 10Ar with acid leads to the establishment of an
intramolecular β-to-o-phenyl linkage. This intramolecular Friedel-Crafts-type reaction is
equivalent to that observed in the morpholinochlorin series,134, 140 except that two diastereomers
are formed, 11a and 14 (each as a pair of enantiomers), that vary in the relative position of the
new linkage with respect to the dihydroxy functionality on the opposite pyrroline; they could be
on opposite sides of the plane defined by the macrocycle (E-arrangement), or the same side (Zarrangement). A single crystal structure of the majority compound 11 confirms the antiarrangement of the link to the phenyl group and the alkoxy group on the morpholine ring, the
relative E-arrangement of the link and the dihydroxy functionality on the opposite pyrroline, the
near-co-planar arrangement of the linked meso-phenyl group with the porphyrinoid
chromophore, and the introduction of non-ruffled out-of-plane conformational modes (some mild
doming and saddling can be made out) (Figure 2-3).68
The methodology to expand a dihydroxypyrroline to a dialkoxymorpholino moiety can
also be applied twice on the same molecule, as the conversion of the tetrahydroxybacteriochlorins 4Ar to bismorpholinobacteriochlorins 12Ar demonstrates. The NMR spectra of
12Ar are much simplified, indicative of their high symmetry. The crystal structure of 12
highlights how the twists within each six-membered morpholine subunit translate into a ruffling
of the chromophore, whereby the handedness of the twists of the morpholine moieties are
complementary to each other. The helical chromophore conformation determines through steric
and stereoelectronic effects the absolute stereochemistry of both alkoxy substituents on each
morpholine unit.134 Thus, only one racemic pair of 12 is formed, irrespective of the presence of
five chiral elements—four chiral centers and a chiral axis. The structure of 12CF3 is nearly
identical to that of 12 (see the Supporting Information to the original publication).32
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Treatment of bismorpholinobacteriochlorins 12Ar with traces of TFA vapors generated
new compounds with a composition that indicated that a loss of two MeOH groups had taken
place, suggestive of the formation of two β-to-o-phenyl-linkages. The NMR spectra of products
13Ar showed the formation of two-fold symmetric molecules. The absence of detectable
diastereomers and an extension of the general tight stereochemical coupling between the
macrocycle helicity and the stereochemistry of the substituents allowed us to predict that 13Ar is
the result of two uni-directional β-to-o-phenyl-fusion reactions with the relative stereochemistry
shown, but a solid state structure confirmation remained elusive. Precedence in similarly bismodified bacteriochlorins,141 and, as we will demonstrate below, the successful computational
modeling of the optical spectrum of 13 further supports its regio- and stereochemistry as shown.

2.3.2. Optical Properties of the Morpholinobacteriochlorins
Bacteriochlorins of the type 4Ar (or their alkylated versions 6Ar or 9Ar in either E or Z
configurations) possess regular bacteriochlorin UV-vis spectra (Figure 2-4a). We have assigned
the Soret, Qx and Qy (λmax) bands according to the standard Gouterman model.142 Expansion of
one pyrroline moiety to a morpholine in 10 causes a substantial bathochromic shift (42 nm of the
Qy transition), and overall broadening of its UV-vis spectrum that retains bacteriochlorin
character. The red-shift is more significant than the corresponding shift observed in the chlorin
3Ar-to-morpholinochlorin 5Ar conversion,133 likely the result of the larger degree of non-planarity
that this modification introduces into the bacteriochlorin chromophore.143 The spectral
broadening suggests a significant conformational flexibility of the chromophore.
The establishment of the β-to-o-phenyl-fusion in 11a leads to a blue-shift of the Qy band
compared to the spectrum of its parent compound 10, but curiously to a red-shift of the Soret and

50

the Qx bands. On account of the extended π-conjugation of the porphyrinic chromophore, the
optical spectra of most porphyrinoids that incorporate such motifs are red-shifted compared to
the parent chromophore.144 That this is not observed here suggests that conformational effects
may have overridden the extended π-conjugation effects. Calculations presented below support
this view. The β-to-o-phenyl-link presumably also increases the conformational rigidity of the
chromophore, rationalizing the overall sharpening of the optical spectrum.

Figure 2-4. UV-vis spectra (CH2Cl2) of the compounds indicated.
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The trends described for the monomorpholinobacteriochlorins also hold for the
bismorpholinobacteriochlorin series (Figure 2-4b): The conversion of two pyrrolines to generate
12Ar results in a pronounced red-shift of all bands (85 nm for the Qy) and a broadening of the
spectrum. Correspondingly, the conformation of 12 is also severely non-planar. A double
β-to-o-phenyl-fusion in 13 blue-shifts λmax and red-shifts the Soret and Qx bands. Even though
the solid state structure of this compound is not known, it can be predicted to be more planar
than 12; calculations presented below will confirm this to be the case.

2.3.3. Calculated Structures of the Morpholinobacteriochlorins
To investigate the native conformations of the tetramethoxybacteriochlorin and monoand bis-morpholinobacteriochlorin macrocycles unaffected by, for example, crystal packing
effects, we minimized their geometries using a well benchmarked DFT method for
hydroporphyrinoids (B3LYP/6-31G(d)), with and without solvent (CH2Cl2) (Figure 2-5, Table
2-1). A number of observations are noteworthy. The fully minimized structures of 6-Z and 10
deviated only minimally from their solid state structures (deviations of the RMSD values of the
calculated and experimental structures < 0.05 Å).127 Thus, the gauche-conformation of the two
alkoxy groups in the crystal and computed structures of 6-Z were virtually identical (28.5° versus
28.9°, respectively). A major difference with the experimental conformation is observed for
bismorpholinobacteriochlorin 12. The computed structure is significantly more ruffled than the
experimental structure,80 with a computed RMSD value of nearly 0.2 Å higher than the
experimental value. We will demonstrate that the computed structure more likely represents the
solution state conformation. The discrepancy of the solid and solution state conformations
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suggests a low-energy conformational barrier for this molecule, as also demonstrated
computationally below.
The energy minimization of the mono-fused morpholinobacteriochlorin 11a provided
qualitatively similar conformations as observed in the crystal structure, with only a minimal
(~0.04-0.05 Å) overall larger out-of-plane distortion. This structure, together with the computed
structure of bis-linked morpholinobacteriochlorin 13, will be discussed in detail below.
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Figure 2-5. Comparison of the crystallographic and computed structures of (a) 4, (b) 10, (c) 12, (d) 11,
and (e) 13. The black, gray and white carbons indicate the crystal, vacuum minimized, and implicit
solvent (dichloromethane) minimized structures, respectively. Nonpolar hydrogens are omitted for clarity.
RMSD values for the structures minimized in vacuum and dichloromethane are given relative to the
crystal structure. For all superpositions, the meso-aryl groups are shown as meso-phenyls for clarity.
There is no crystal structure for 13.
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Table 2-1. Comparison of Macrocycle Nonplanarity and Q-Band Wavelengths for the Computed
and Experimental Solution State Spectra of the Compounds Indicated

Structure
4 (in crystal conformation of 4(OMe)3-Z)c
4 (DFT, vacuum)
4 (DFT, CH2Cl2)
4 (CH2Cl2)

Calculateda
Experimental
Absorption
Absorption
Wavelengths (nm) Wavelengths (nm)
b
RMSD (Å)
Qx
Qy
Qx
Qy
0.141
541
648
0.092
540
671
0.098
562
737

10 (in crystal conformation of 10CF3)
10 (DFT, vacuum)
10 (DFT, CH2Cl2)
10 (CH2Cl2)

0.364
0.332
0.340

12 (in crystal conformation of 12)
12 (DFT, vacuum)
12 (DFT, CH2Cl2)
12 (CH2Cl2)

0.293
0.464
0.466

11 (in crystal conformation of 11a)
11 (DFT, vacuum)
11 (DFT, CH2Cl2)
11 (CH2Cl2)

0.277
0.315
0.325

13 (DFT, vacuum)
13 (DFT, CH2Cl2)
13 (CH22)

0.421
0.429

a

556
598
625

572
583
618

619
663

707

542

742

562

790

563

715

598

735

707
726
801

718
775
855

672
686
746

698
755

Calculated using TD-ωB97XD/6-31+G(d) on B3LYP/6-31g(d) fully minimized structures.

b

c

556
570
595

524

RMSD of the C16N4 macrocycle that excludes all pyrroline and morpholine β- and O-atoms.

CCDC 756649. The solid-state structure has hydroxyl, instead of methoxy substituents, and 3,4,5-

trimethoxyphenyl groups, instead of phenyl groups, but it is known that none of these differences have an
appreciable effect on the absorption properties.24
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2.3.4. Calculated Optical Spectra of the Morpholinobacteriochlorins
All five bacteriochlorins 4, 10, 11, 12, and 13 contain identical 18 π-electron C16N4
chromophores, substituted by meso-phenyl groups and sp3-carbon atoms, but of varying
conformations. The two morpholinobacteriochlorins 11 and 13 containing β-to-o-phenyl-fusions
represent chromophores in which a mix of major electronic influences (π-extension) and
conformational effects determine their optical properties. We therefore will discuss the computed
electronic structures of the two groups of compounds separately from each other, beginning with
the non-fused systems; the discussion of the fused systems is reserved for the end of this chapter.
We computed the optical spectra of the three bacteriochlorins 4, 10, and 12 in their solidstate conformations80, 127 (in the absence of all solvents and, where present, having replaced all
meso-aryl groups with meso-phenyl groups) and in their DFT minimized conformations using
TD-DFT (ωB97XD/6-31+G(d)) (Table 2-1, Figure 2-5).145-147 Details of the minimization
procedures used here and throughout the chapter are given in Section 2.2.2.1. Calculations were
done in vacuum and with implicit solvent (CH2Cl2) using the conductor-like polarizable model
(CPCM)148-149 as implemented in Gaussian 09 Revision D.01.28 TD-DFT has been used to
successfully describe the optical properties of a variety of porphyrinic systems, including
recently also for 12.87 Computed trends were given a heavier weight than absolute numbers.
Overall, the validity of our TD-DFT computed spectra is underscored by the faithful
reproduction of the Qx- and Qy-band experimental spectral trends for the principal molecules of
this study (Figure 2-6). The origin and orbital composition of the Qx and Qy transitions are
presented in Figure 2-6.
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Figure 2-6. Illustration of the faithful reproduction provided by TD-DFT of the experimental Qx and Qy
wavelength trends for all expanded bacteriochlorins studied. The trends were reproduced for both the
vacuum calculations and the calculations that included a simulated dichloromethane (DCM, CH2Cl2)
solvent environment, implemented by using the CPCM method.
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Figure 2-7. Depiction of the HOMO-1 (H-1), HOMO (H), LUMO (L), and LUMO+1 (L+1) for molecules
4, 10, 11, 12, and 13. All molecular orbitals were calculated using the B3LYP/6-31G(d) methodology,
and displayed at an isosurface value of 0.02 a.u. The Qy excitation involves H → L and H-1 → L+1
orbital transitions, whereas the Qx excitation consists of H-1 → L and H → L+1 electronic configurations.

Experimentally, with each conversion of a pyrroline to a morpholine subunit, the Qx and
Qy transitions are observed to shift bathochromically by 18-20 nm and 38-42 nm, respectively.
Spectral shifts consistent with these trends (Qx: 28-33 nm, Qy: 49-64 nm) were only obtained for
the fully minimized (vacuum or implicit solvent) geometries. Notably, the spectrum of the
computed structure of bismorpholinobacteriochlorin 12 is in much better agreement with the
experimentally observed optical data than the spectrum based on the solid state structure. This
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confirms the supposition that the unusually little ruffled conformation of 12 seen in the crystal
structure does not reflect its equilibrium geometry in solution.80 While the inclusion of implicit
solvation resulted in quantitatively different absorption wavelengths, it consistently reproduced
the trends obtained in the vacuum calculations (Table 2-1, Figure 2-5). Thus, for the remainder
of this discussion we rely exclusively on calculated vacuum spectra.

2.3.5. Structure-Optical Properties Correlations
The

correct

reproduction

of

the

spectra

allowed

us

to

interrogate

the

morpholinobacteriochlorin chromophores with respect to the structural origins of the observed
large spectral shifts. We followed a series of steps to untangle the contributions to the spectral
shifts: (1) The direct electronic role of the ring oxygen(s) was investigated by stepwise
replacement with sp3-hybridized carbon atoms. (2) The effect of ruffling was investigated by
mutating the morpholinobacteriochlorins to the parent tetrahydroxybacteriochlorins, leaving the
distortions of the chromophore intact. (3) The effects of localized morpholine distortions were
finally resolved and analyzed.
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With the principal effect identified, we then explored (4) the conformational landscape of
a morpholinobacteriochlorin in regard to the thermally accessible Cβ-Cα-Cα-Cβ dihedral angles,
and (5) detailed the metrics of the localized perturbation of the macrocycle upon the insertion of
one or two oxygen atoms. Lastly, we investigated the electronic and conformational influence of
the β-to-o-phenyl linkages. In all cases, we calculated the electronic consequences of the
perturbations, and compared the results to each other and the experimental findings. This
strategy of analyzing conformation-induced spectral modulations by optimizing and examining
perturbed structures is broadly accepted.71, 81, 150

2.3.5.1. Role of the Morpholine Oxygen
Dihydroxylation of the pyrroline β-positions of a bacteriochlorin is known to cause a 1618 nm hypsochromic shift of the λmax (Qy) band.127 Conceivably, therefore, further oxidation of
the β-position(s) could induce an additional blue shift, perhaps even mitigating the bathochromic
shifts originating from conformational distortions. To test this hypothesis, the morpholine ring
O-atom in the minimized morpholinobacteriochlorin 10 was substituted by a methylene (CH2)
moiety (10 → 10C). Only this replacement moiety in the fictive molecule was minimized, the
spectrum computed, and the results were compared to the corresponding spectrum of the parent
compound (Table 2-2). This procedure was also applied twice in a step-wise fashion to
bismorpholinobacteriochlorin 12 (12 →	
   12C →	
   122C). Overall, the electronic effects of this
substitution were minimal, producing only ~1-4 nm batho- or hypsochromic shifts of the Qx and
Qy bands.
We thus conclude that the introduction of the ring-O atom exerts only a minimal
electronic effect on absorption properties of the morpholinobacteriochlorins. Therefore, the
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spectral modulation observed upon pyrroline expansion of a bacteriochlorin appears to be
primarily of conformational origin.

Table 2-2. Electronic Influence of the Morpholine Oxygen on the Q-band Wavelengths
Delineated through CH2 Substitution
Ph OMe

Ph OMe

CH2
N
Ph
N

N

H
H

N

Ph

N
Ph
N

MeO

MeO
MeO

CH2

OMe
Ph

10 C

H
H

10
10C
12
12C
122C
a

Experiment
542

Ph
N

562

N
Ph

MeO

O

12 C

Ph
OMe

Calculated
570
567
598
595
593

CH2

OMe

N

Qx
Structure

Ph OMe

a,b

N

H

N

H

H 2C
Ph
OMe

Qy
Experiment
742
790

OMe
Ph

N
12 2C

Calculateda,b
726
724
775
772
771

Only the methylene fragments of these structures were optimized; the rest of the structure was fixed in

the optimized geometry prior to the modification.
b

Calculated using the TD- ωB97XD/6-31+G(d) model chemistry.

2.3.5.2. Role of the Ruffled Conformation
Past studies of tetrapyrrolic chromophores indicated that macrocycle nonplanarity is a
key structural factor impacting their electronic properties.21, 79, 151 To quantify the effects of outof-plane distortions of the bacteriochlorin C16N4 chromophore, we computed regular
bacteriochlorin 4 in the locked conformations of its morpholinobacteriochlorin analogues 10
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(referred to as conformer 4morph) and 12 (conformer 4bismorph). The UV-vis spectra were then
computed for all compounds (Table 2-3).

Table 2-3. UV-vis Spectral Influence of Macrocycle Nonplanarity

Structure
4
4morph
4bismorph
10
12
a

Experimental
524

Qx

542
562

Calculateda,b
540
557
572
570
598

Experimental
707

Qy

742
790

Calculateda,b
671
691
704
726
775

Only structures 4, 10 and 12 were fully minimized. Structures 4morph and 4bismorph were derived from 10

and 12, respectively, as described in the text.
b

Calculated using the TD- ωB97XD/6-31+G(d) model chemistry.

For the ruffled bacteriochlorin conformers 4morph and 4bismorph, a substantially smaller
bathochromic shift was predicted than computed or observed for 10 and 12, respectively (Table
2-1). For instance, a 55 nm shift for the Qy transition was predicted to be associated with the
transformation 4 →	
  10, and an additional 48 nm shift of the Qy for the transformation 10 →	
  12.
However, for the transformations 4 →	
   4morph and 4morph →	
   4bismorph, only 20 and 13 nm shifts
were computed, respectively. Comparable findings apply to the Qx transitions.
Thus, macrocycle non-planarity accounts for a significant fraction of the observed
bathochromic shifts of the Qy and Qx transitions, but is not responsible for all the shifts observed.
We therefore conclude that other structural factors than chromophore non-planarity must be at
play to rationalize the large red-shifts of the morpholinobacteriochlorins. This finding parallels
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the study of non-planar porphyrins,151 but as we will demonstrate, the other contributing factor is
unique to the morpholinobacteriochlorins.
One ancillary feature of the conformer series 4 →	
  4morph →	
  4bismorph is that the energetics
of the macrocycle conformational distortion are directly comparable. The distortion of nearplanar 4 to ruffled 4morph is associated with a ~7.5 kcal/mol energetic cost; further distortion to
the conformation of 4bismorph indicates an additional energetic penalty of ~9.3 kcal/mol (Figure
2-8). The energetic costs of deforming the aromatic systems from planarity are therefore, as
expected, nonlinear, and increase faster as the distortion becomes larger.

Figure 2-8. Relative conformational energetics of the ruffling of the bacteriochlorin chromophore 4.
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2.3.5.3. Effects of Morpholine Torsional Distortion
Since the bacteriochlorin macrocycle nonplanarity induced by the insertion of an oxygen
into the pyrrolines accounts for only a fraction of the experimentally observed bathochromic
shift of the morpholinobacteriochlorin spectra, and the oxygen substitution itself has only a
minimal effect, we explored other mechanisms that might have contributed to the observed
spectral modulations. Two peripheral perturbation mechanisms were explored (Figure 2-9, Table
2-4). First, the pyrroline of the minimized tetramethoxybacteriochlorin 4 was expanded by
oxygen insertion and the saturated portion of the morpholine moiety was relaxed, while the
conformation of the rest of the structure was retained (4 → 10conf-A). Secondly, we adjusted the
Cβ-Cα-Cα-Cβ dihedral of the fully minimized structure of morpholinobacteriochlorin 10 to the
value observed in 10conf-A, and minimized the Cβ-O-Cβ portion of the morpholine while holding
the rest of the molecule fixed (10 → 10conf-B). This procedure provides two conformers of 10
(10conf-A and 10conf-B) with identical morpholine Cβ-Cα-Cα-Cβ dihedral angles (20.4°), but that
differ in the degree of non-planarity of the remainder of the macrocycle. An analogous procedure
was used to generate 12conf-A from 10 and 12conf-B from 12. The Qx and Qy transition wavelengths
of all conformers were computed (Table 2-4).
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Figure 2-9. Hypothetical step-wise pyrroline-to-morpholine conversion that dissects the various structural
contributions to the spectral modulation of morpholinobacteriochlorins. Only 4 and 10 were fully
minimized; 10conf-A and 10conf-B were derived as described in the text from these minimized structures.
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Table 2-4. Transition Wavelengths for the Hypothetical Stepwise Conversion of Two Pyrrolines
to Morpholines within Tetrahydroxylbacteriochlorin

Structure
4
10conf-A
10conf-B
10
12conf-A
12conf-B
12
a

Experiment
524
542
562

Qx

Calculateda,b
540
547
562
570
574
592
598

Experiment
707
742
790

Qy

Calculateda,b
671
676
703
726
733
757
775

Structures 12conf-A and 12conf-B are analogous to 10conf-A and 10conf-B, where only the conformation of the

newly introduced morpholine from 10 → 12 is adjusted.
b

Calculated using the TD- ωB97XD/6-31+G(d) model.

The structural changes are associated with characteristic shifts of the computed
absorption bands: The Qx and Qy bands of 10conf-A are only marginally (7/6 nm) red-shifted when
compared to those of 4, thus the structural changes to accommodate the oxygen had little effect.
Larger (15/27 nm) shifts for the Qx and Qy bands, respectively, are associated with the increase
of non-planarity of the chromophore; they are in the same order of magnitude as observed for the
adjustment of the chromophore in the absence of the morpholine moiety, detailed above. The real
surprise is the additional 8/23 nm shifts for the Qx and Qy bands, respectively, upon adjustment
of the morpholine Cβ-Cα-Cα-Cβ dihedral angle (from 20.4° for 10conf-B to 43.3° for 10).
In fact, a linear relationship between dihedral angle and Qy optical transition shift can be
derived, while the Qx band shifts are somewhat less linear and follow a different proportionality
(Figure 2-10a). For the Qy band, a bathochromic shift of ~2 nm/° twist is predicted in the range
of the Cβ-Cα-Cα-Cβ dihedral angle between 25 and 50°. The effects of two successive ringexpansions are additive (Table 2-4). Importantly, the sum of the shifts derived from the
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macrocycle deformation and the increase of the morpholine Cβ-Cα-Cα-Cβ dihedral angles add up
to the computed shift from 4 to 10 (or 10 to 12), and which are only marginally more than the
overall shift observed experimentally. Each component is responsible for ~50% of the computed
shift. We will show below that this relationship can also predict the optical shifts observed for
the meso-linked morpholinobacteriochlorins of type 11 and 13.
The modulation of the torsional distortion of a non-pyrrolic subunit within a porphyrinic
chromophore is a hitherto unidentified mechanism for the spectral tuning of bacteriochlorin
chromophores. This mechanism likely has more general implications for other ring-expanded
hydroporphyrinoids in which the Cβ-Cα-Cα-Cβ dihedral angle can be adjusted.152

67

Figure 2-10. (a) Modulation of the Qx and Qy wavelengths as a function of the Cβ-Cα-Cα-Cβ dihedral in the
conformers of morpholinobacteriochlorin 10 shown. The trend-line for the Qy bands is indicated in black
and fits the following equation: TD-DFT Qy wavelength = 640(± 5) nm + 2.0(± 0.1)/° torsion angle. The
regression analysis has a R2 of 0.98, whereas the gray line for the Qx band relationship simply connects
the points. The colors of the spots represent the conformations of 10 shown in part b. (b) Superposition of
conformers of morpholinobacteriochlorin 10 within ± 1 kcal/mol of the minimum. The methoxy
substituents on the morpholine moiety were included in the computations but were omitted here for
clarity. (c) Relaxed PES scan of morpholinobacteriochlorin 10 over the dihedral angles indicated and the
associated Qy wavelength shifts (hypsochromic–blue and bathochromic–red) relative to the wavelength
for the fully relaxed geometry.
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2.3.5.4. Potential Energy Surface (PES) Profile of the Morpholine Torsional Distortion
To further illuminate the spectral effect of the twisting of the Cβ-Cα-Cα-Cβ torsion angle
within the morpholine subunit (10conf-B →	
   10), a relaxed potential energy surface (PES) scan
over the Cβ-Cα-Cα-Cβ morpholine torsion angle in 10 within the readily thermally accessible
range of ± 1 kcal/mol around the minimum was performed. Excited state properties were
calculated at each point of the scan (Figure 2-10b and c). The PES profile of
morpholinobacteriochlorin 10 is asymmetric, with a greater number of conformers within
1 kcal/mol of the minimum possessing smaller morpholine Cβ-Cα-Cα-Cβ torsional angles than
larger angles. The thermally accessible distribution of conformers qualitatively agrees with the
experimental asymmetry of the absorption bands of 10 and 12 (Figure 2-4). The degree of the
distortion is directly correlated to the extent of the optical shift (Figure 2-10a). Relative to the
fully optimized structure (with a 43.3° angle), the Qy band of the less twisted conformers exhibits
a hypsochromic shift, while the more twisted structures exhibit a bathochromic shift. The
modulation of the morpholine Cβ-Cα-Cα-Cβ dihedral angle imposes, however, only minor effects
on the remainder of the macrocycle (Figure 2-10b). The maximum increase in the macrocycle
RMSD among the conformers shown is 0.024 Å. The small change indicates that substantial
twisting of this portion of the macrocycle can take place essentially independently from the
remainder of the chromophore, a conclusion further supported by more detailed metric analyses.

2.3.5.5. Metric Analysis of the Structural Effects of the Pyrroline Ring Expansion
We further analyzed the structural effects of the pyrroline ring expansion on the
remainder of the macrocycle to identify the atoms within the π-aromatic chromophore that are
most affected by this perturbation. Conversion of a pyrroline to a morpholine (4 →	
  10 or 10 →	
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12) results in a 6° enlargement of the Cα-N-Cα angle of the expanded subunit (from 109° to
116°). However, the corresponding angle in free 1,2-dehydromorpholine is ~122° (Figure 2-10).
Hence, the Cα-N-Cα bonds in the morpholinobacteriochlorins are strained. Likewise, isolated 1,2dehydromorpholine has a Cβ-Cα-Cα-Cβ dihedral angle that is ~30° smaller than that found in the
morpholine

moieties

within

10

(or

12).

Our

modeling

studies

found

that

in

morpholinobacteriochlorin 10, the compression of the morpholine Cα-N-Cα angle is directly
countered by a Cβ-Cα-Cα-Cβ dihedral increase (Figure 2-11).

Figure 2-11. Depiction of the conformational link between the ruffling of a morpholino moiety, as
expressed as the Cβ-Cα-Cα-Cβ dihedral, and the compression/expansion of its Cα-N-Cα angle. meso-phenyl
groups were included in the computations, but omitted here for clarity. Colored symbols refer to the
dihedral values found in the fully minimized structures indicated.
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Another interesting feature is the relatively localized nature of the distortions within the
C16N4 chromophore observed upon insertion of the oxygen atom(s) into a regular bacteriochlorin
(i.e., the conversions 4 →	
  10 →	
  12) (Table 2-5). The metric changes observed in the bond angles
and dihedrals closest to the oxygen insertion site are twice or even four times larger in almost
every instance than the changes on the distal side.
In general, distortions that affect π-orbital overlap will modulate the spectral properties.
For instance, distortions of the Cα-Cmeso angles from the (presumably ideal) angles found in
regular porphyrins have been shown to induce bathochromic shifts in these non-planar
porphyrins.71,

153

The largest localized distortions involving the Cα, Cβ, or Cmeso atoms are

therefore suggested to be primarily responsible for the spectral modulation observed upon the
formation of mono- and bismorpholinobacteriochlorins.
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Table 2-5. Computed Torsional Angles in 4, 10, and 12, and Angle Changes Induced by the
Pyrroline-to-Morpholine Conversions

2

A

6

4

N

1

7

5

3
21

N

O

B
22

H

10

20

O

a

H

N 24

19
18

8

9

D
17

11

N 23
C
14

16
15

12

13

Dihedral
Anglea

4

|Δ 4-10|

10

5-6-N-9
6-N-9-8
6-N-9-10
7-6-9-8
7-6-N-9
N-9-10-11
8-9-10-11
9-10-11-12
15-16-N-19
16-N-19-18
16-N-19-20
17-16-19-18
17-16-N-19
N-19-20-1
18-19-20-1
19-20-1-2

178.6
9.8
-172.3
13.3
4.1
-5.2
172.5
-179.2
172.3
-4.1
-178.6
-13.3
-9.8
-5.2
-179.1
177.5

17.4
18.2
17.1
30.0
16.5
3.6
4.6
17.3
9.9
15.4
11.4
29.1
15.0
6.1
1.6
8.8

-164.1
28.0
-155.2
43.3
20.6
-8.8
167.9
163.5
-177.8
11.3
-167.2
15.8
5.2
0.9
-177.5
168.7

|Δ 10-12|
1.9
2.1
2.8
0.3
2.5
1.3
1.9
4.4
22.7
18.9
4.8
27.2
12.9
8.4
12.6
9.6

12
-166.0
30.1
-152.4
43.0
18.2
-7.5
169.8
159.1
-166.1
30.1
-152.4
43.0
18.1
-7.5
167.0
159.1

For better overview, the bonds involved are grouped and color-coded. Because of the idealized 2-fold

symmetry of the ruffled molecules, only half of the possible dihedral angles associated with the
morpholine moieties are listed.

2.3.6. Evaluation of the Phenyl-fused Morpholinobacteriochlorins
To computationally assess the spectral effect of the β-to-o-phenyl linkage, we broke the
linkage in the minimized structure of 11, saturated the open valences with hydrogen atoms, and
arranged the affected meso-phenyl group perpendicular to the mean plane of the chromophore
(Figure 2-12, 11 →	
  15). The resulting optical spectra were computed and compared. Relative to
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the hypothetically unlinked structure 15, the spectrum of 11 indicated that the Qx band had redshifted by a surprising 30 nm, while the Qy band red-shifted only 9 nm. A repetition of the
calculations with bis-linked structure 13 showed an additive shift of these amounts per linkage
(Table 2-6). These shifts thus represent the value for the increased π-conjugation of the
bacteriochlorin chromophore with a near-co-planar phenyl group. Even though porphyrinoids
with β-to-o-phenyl linkages are well-known,144 including the finding that they are generally
characterized by red-shifted optical spectra, we are not aware of a report in which the value of
the expanded π-conjugation was determined for compounds of otherwise identical chromophore
conformation.

Figure 2-12. Hypothetical step-wise transformation of β-to-o-phenyl linked morpholinobacteriochlorin
into a conformer of the unlinked analogue. The green portion of each structure is unchanged in each step.
Structures 15 and 16 were derived from fully minimized 11 as detailed in the main text. Wavelengths
listed correspond to TD-DFT-calculated values for the species indicated.
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Table 2-6. Electronic Effect of β-to-o-phenyl linkages on Transition Wavelengths.

Structure
11
15
13
17b
18c
a

Experiment
563
598

Qx

Calculateda
583
553
619
592
564

Experiment
715
735

Qy

Calculateda
686
677
698
687
677

Calculated using the TD- ωB97XD/6-31+G(d) model.

b

13 with one β-to-o-phenyl linkage cleaved, the open valences saturated with hydrogen atoms, and the

affected meso-phenyl group arranged perpendicular to the mean plane of the chromophore.
c

Generated from 17 in the same manner 17 was derived from 13.

Notwithstanding the bathochromic effect of π-extension, a β-to-o-phenyl linkage is
computed to cause a 40 nm blue-shift (27 nm found experimentally) for the Qy transition. The
origin of the overall blue-shift observed upon realization of the β-to-o-phenyl linkage(s) in 11 (or
13) is complicated by the absence of an alkoxy group per linkage. As β-alkoxy substituents are
known to have a significant inductive hypsochromic effect on the Qy transition,127,

134

their

replacement with an aryl linkage is expected to cause a red-shift. Consistent with this
expectation, we find that structure 15 (corresponding to 16 lacking the OMe group), has a
computed Qy transition that is 8 nm red-shifted relative to structure 16; the Qx transition is not
significantly affected. Thus, the resonance-induced red-shift for the Qy transition upon β-to-ophenyl linkage described above was underestimated by ~8 nm. Since the combined electronic
effects of replacing a β-alkoxy group with a β-to-o-phenyl linkage on the Qy transition is
computed to be a ~17 nm (9 + 8 nm) red-shift, we submit that conformational effects override
the substituent-induced electronic effects to result in the significant blue-shift computed (40 nm)
and observed (27 nm) for Qy upon establishment of the β-to-o-phenyl linkage (Figure 2-12).
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The linkage planarizes the macrocycle and particularly the morpholine moiety (cf. Figure
2-3). Both changes were shown above to cause a blue-shift. We observe from Table 2-1 that the
fully minimized crystal structure of mono-fused 11 is only ~0.02 Å more planar than fully
minimized morpholinobacteriochlorin 10. Macrocycle planarization, therefore, is expected to
have only a minor effect. However, the Cβ-Cα-Cα-Cβ dihedral angle is reduced from 43.3° in
regular morpholinobacteriochlorin 10 to 13.9° in mono-fused 11. From the torsion angle-Qy
wavelength relationship derived (Figure 2-10), we can predict that a morpholinobacteriochlorin
with a ~14° Cβ-Cα-Cα-Cβ dihedral angle would correspond to a Qy wavelength between 668 and
673 nm. The TD-DFT computed Qy wavelength for fully minimized mono-fused 11 is 686 nm.
Thus subtracting the ~17 nm red-shift from electronic substituent effects, we obtain a predicted
Qy wavelength for mono-fused 11 of 669 nm, in excellent agreement with the prediction from the
analysis of the effects of the morpholine Cβ-Cα-Cα-Cβ dihedral angle.
We therefore can conclude that the planarization of the morpholine moiety by 29° is the
main cause for the remarkable 58 nm blue-shift of the Qy transition, mitigated by a 17 nm redshift due to the summed-up electronic effects of β-to-o-phenyl linkage. More generally, this
underscores again that the morpholine Cβ-Cα-Cα-Cβ dihedral angle is a major determinant in the
optical properties of the morpholinobacteriochlorin chromophores. Furthermore, when other
substituent effects are also considered, this angle provides a reliable estimation of the Q-band
absorption wavelength.

2.4. Conclusions
The components of the structural origins for the large red-shifts of the Q-bands observed
upon pyrroline-to-morpholine conversions in bacteriochlorins is found to be a function of two
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major factors: molecular planarity and the Cβ-Cα-Cα-Cβ dihedral distortion of the morpholine
moiety. Each variable contributes about half of the observed shifts. The influence of the degree
of non-planarity on the C16N4 chromophore was expected but the observation that the Cβ-Cα-CαCβ dihedral of the morpholine moiety is an additional important factor was not. However, clear
relationships between this dihedral angle and the resulting shifts of the Qx and particularly the Qy
bands (2 ± 0.1 nm/º twist) can be derived. Both factors are also largely independent from each
other as the modulation of the morpholine moiety dihedral angle has only a relatively local effect
on the conformation of the macrocycle.
Other types of local torsional distortions were also surmised to be operative in the optical
modulation of the c- versus d-type bacteriochlorophyll (that, despite their naming, belong to the
chlorins), photosynthetic accessory pigments found in the Chlorobiaceae and Chloroflexaceae.
The c-series vary from the d-series by the presence of a meso-methyl group. X-ray
diffractometry studies of the model [131-deoxophytoporphyrinato]nickel(II) complexes (Figure
2-13, 17 and 18) found structural evidence for local torsional distortions.66 Also, the origin of the
red-shift observed in ruffled meso-substituted porphyrins, such as 19M, has been attributed to
localization of the nonplanar distortion in dihedrals centered around Cβ-Cmeso bonds.71, 153
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[131-deoxophytoporphyrinato]nickel(II)

complexes

for

c-

versus

d-type

bacteriochlorophyll accessory photosynthetic pigments.

An in-depth understanding of the structural origins of the physicochemical modulation of
bacteriochlorin analogues is essential for the rational and application-oriented design. We are
adding herewith a previously unrecognized mechanism to the canon of structural tools for the
modulation of porphyrinoid chromophores that allow a modulation of the Cβ-Cα-Cα-Cβ dihedral
angle. Moreover, the morpholine Cβ-Cα-Cα-Cβ dihedral angle can also serve as an excellent
predictive tool to estimate the conformationally induced shifts of the optical spectra of bacteriochlorins and bacteriochlorin analogues. However, unlike many pyrrole-modified porphyrins
incorporating either larger than 5-membered (partially saturated) heterocycles or cleaved β,β’bonds, it should be noted that porphyrins and regular hydroporphyrins are likely resistant to this
optical modulation. This work also highlights the large conformational flexibility of the
morpholinobacteriochlorins.
The

strong

conformational

influence

over

the

optical

properties

of

the

morpholinobacteriochlorin chromophores (and, by extension, also the related morpholino77

chlorins, thiamorpholinochlorins, and other hydroporphyrin analogues with flexible non-pyrrolic
building blocks),31, 83 combined with their significant conformational flexibility, suggests these
dyes for mechanochromic applications.154
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Chapter 3

Origins of the Electronic Modulations of
Bacterio- and Isobacteriodilactone Regioisomers
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3.1. Introduction
Photosynthetic algae, bacteria, and plants universally utilize hydroporphyrins as their key
photosynthetic pigments. Algae and higher plants use chlorophylls, Mg(II) complexes of 2,3dihydroporphrins (chlorins), whereas phototrophic bacteria employ bacteriochlorophylls, Mg(II)
complexes of 2,3,12,13-tetrahydroporphrins (bacteriochlorins) (Figure 3-1). Hydroporphyrins are
also found in a number of non-photosynthetic uses. For instance, bonellin, the sex-differentiating
green pigment and potent phototoxin to catch prey of a marine green spoon worm, is a free base
chlorin.155 Tunichlorin, a nickel(II) chlorin complex isolated from a Caribbean tunicate,156-157 is
proposed to play a role in reductive processes.158 As well, prosthetic groups of enzymes involved
in multi-electron reduction events are 2,3,7,8-tetrahydroporphrins (isobacteriochlorins).159-160
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Figure 3-1. Framework and π-system structures of porphyrin and hydroporphyrin classes, and the
numbering system used. Conjugated 18 π-systems highlighted in red, cross-conjugated double bonds in
blue.

Beyond an adjustment of the oxidation states of the β,β’-bonds within the tetrapyrrolic
macrocycle, nature evolved other strategies for tailoring the electronic properties of the
tetrapyrrolic chromophores to adapt them to diverse environmental constraints, such as the
quantity and quality of the available light, or the particular function of the cofactor.3 In general,
the physicochemical properties of the (hydro)porphyrins are modulated through intrinsic
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electronic and conformational substituent effects,68, 99, 161-163 as well as the steric and electrostatic
contours of their local protein environment.25
One particularly potent auxochrome is the carbonyl group, either when established at a
benzylic position to the π-aromatic chromophore or when directly attached to the tetrapyrrolic
framework (Figure 3-2).164 Notably, the specific position of the auxochrome on the chromophore
is important, as the differences in the optical properties of the two chlorophylls f and d indicate.24
β-Carbonyl functionalities are also found in nature. One example carrying two β-carbonyl
functionalities on adjacent pyrrolic moieties is heme d1, the prosthetic group of bacterial nitrous
oxide, sulfite and nitrite reductase.165-168 An example with two β-carbonyl functionalities on
opposite pyrrolic building blocks is the tolyporphins, a family of green tetrapyrrolic pigments of
unknown function isolated from a cyanobacterium-microbial ecological unit.169-174
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Figure 3-2. Examples of natural tetrapyrrolic products containing auxochromic carbonyl groups located
either in a benzylic position to the chlorin π-system (chlorophylls f and d) or directly attached to the
isobacteriochlorin- (heme d1) or bacteriochlorin-type π-system (tolyporphin A).

An understanding of the operational principles of the electronic (optical) engineering will
advance the rational design of synthetic photonic technologies for the purposes of solar energy
conversion, small molecule activation, or biomedical diagnosis and therapy. It therefore does not
surprise that the synthesis of tetrapyrrolic model systems incorporating β-carbonyl groups has
been actively pursued.99,

161-163, 175-176

Particularly, the hydroporphyrin total syntheses and

macrocycle modification strategies developed by Lindsey and co-workers allowed the
preparation of a wide variety of chromophores carrying carbonyl group-based auxochromes in
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many different configurations.161,

163

These compounds proved to be of great utility for the

fundamental understanding of the electronic structures of these chromophores, as well as of
practical utility in medical and technical applications.
To the suite of methodologies for the modulation of the optical properties of
hydroporphyrins has been added the formal replacement of one or two pyrrolic subunits by nonpyrrolic heterocycles of different ring sizes and compositions.30-31,

82-83, 177-178

A particularly

interesting family among these so-called pyrrole-modified porphyrins are the porpholactones that
feature the replacement of one or two pyrrolic building blocks by oxazolones. Thus, one or two
β,β’-double bonds (HC=CH) of a porphyrin or, from an alternative point of view, one or more
β,β’-single bonds (H2C-CH2) of a hydroporphyrin, were replaced by lactone (O=C-O) moieties,
thereby also establishing a β-carbonyl group onto the tetrapyrrolic framework.83, 179 A number of
complementary direct and step-wise conversions of meso-C6F5-porphyrin to porpholactone 0E00
and all five isomeric dilactones have become known (Scheme 3-1).24, 179-180 Porpholactones, as
their free bases or metal complexes, found uses as model compounds for naturally occurring
prosthetic groups,24,

181

as small molecule activation catalysts,128-129,

182

photocatalysts for

oxidative C-H functionalization,183 catalysts for the electrochemical evolution of hydrogen184,
lanthanide sensitizers,130 a component in pressure sensitive paints,185-187 bioimaging and
photochemotherapeutic agents,130,

188

or optical chemosensors189-191. For a note on the

nomenclature convention for the mono- and dilactones used here, see below.
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Scheme 3-1. The Known Single-Step Syntheses of Porpholactone and All its Isomeric Dilactones
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The optical properties of porpholactone 0E00 are porphyrin-like, but the properties of its
metal complexes are metallochlorin-like.180,

192

The lactone carbonyl group retains strong

electronic conjugation with the macrocyclic chromophore, presumably through the retention of
an sp2-hybridized β-carbon atom; consequently, the reduction of the carbonyl group to a
hemiacetal (CH(OH)-O) or an ether (CH2-O) moiety is strongly reflected in the optical properties
of the resulting oxazolochlorin-type chromophores.192-196 The group of Zhang has shown that the
relative orientation of the β-substituents strongly modulates the optical properties in the
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bacteriodilactone series (0E0Ǝ vs. 0E0E);24 in turn, we were able to demonstrate this for the
isobacterodilactone series (0EƎ0 vs. 0EE0 vs. 0ƎE0).179
Though previous work that demonstrated the strong electronic influence of one,180, 192 or
two,24,

179

lactone moieties on the electronic structure of the chromophore, neither the exact

nature of the electronic interaction of the lactone moiety with the macrocyclic π-system, nor the
structural origin of the wavelength modulation of the dilactone isomers are fully understood,
even though the spectra could be successfully modeled using time-dependent density functional
theory (TD-DFT) calculations.24,

179

Likewise, conflicts in the parallels drawn between the

auxochromic effects of the carbonyl groups in the bacteriodilactones and the chlorophylls were
left unresolved.24
Using the entire series of porphodilactone isomers that have recently become available,24,
179

this chapter elucidates the origins of the modulation of their optical properties in detail. As

well, we investigate the interplay of steric and electronic factors within these molecules that
determine their thermodynamic stability, including the rotational itinerary of the meso-C6F5
groups, the conformation of the macrocycle, and the preferred tautomeric state. We also quantify
and visualize the aromatic ring currents in the porphodilactones. This study highlights to which
extent the porpholactone isomers behave like regular bacteriochlorins or isobacteriochlorins and
where they are subject to unique effects. We finally discuss how these results can be transferred
to the understanding of other tetrapyrrole derivatives.
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3.2. Computational Methods
All geometry optimizations and vibrational analyses, vertical excitation energies, and
NMR properties were calculated with an ultrafine integration grid for DFT or TD-DFT as
implemented in Gaussian 09 Revision D.01.28 Details on each of these types of calculations are
given in the following sections.

3.2.1. Geometry Optimization
All structures were optimized at the B3LYP-D3/6-31G(d) level of theory,136-137, 197 and
confirmed to be local minima via a vibrational analysis (i.e. no imaginary frequencies).

3.2.2. Vertical Excitation Energy
Excitation energies were simulated with TD-DFT using the PBE1PBE functional with a
6-31+G(d) basis set. This functional was chosen after extensive testing against CAM-B3LYP, as
detailed in Section 3.2.2.1. Whenever the effect of implicit CH2Cl2 solvation on the optical
response was assessed, the conductor-like polarizable continuum model was used for structure
optimization and spectral simulation.148-149	
  
A constant shift was applied to all calculated excitation energies to align the simulated Qy
absorption maximum with the experimental band for the parent porpholactone 0E00. The
required shift was 0.2424 eV for structures with meso-C6F5 groups in implicit CH2Cl2 solvent,
which increased by 0.1200 eV when hydrogen atoms replaced the meso-aryl groups and the
(ground state and excitation) calculations were instead performed in vacuum. A total shift
therefore of 0.3637 eV was used for vacuum-optimized structures having meso-hydrogen atoms.
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These errors are reasonable for TD-DFT,198 and as shown in Section 3.2.2.1, the chosen model
chemistry is qualitatively quite reliable.

3.2.2.1. Assessment of Functionals for TD-DFT Calculations
Previous TD-DFT calculations in the porphodilactone literature24, 179 have used the CAMB3LYP functional to successfully model the trends among the bacterio- or isobacteriodilactone
regioisomers. The choice of functional in these studies was motivated by the possibility of
significant charge-transfer character in the excitations, which is not modeled properly by
functionals lacking a long-range correction, like B3LYP or PBE1PBE.
To assess and select the functional to be used for investigating optical response properties
in this chapter, TD-DFT vertical excitation energy calculations were performed using either
PBE1PBE or CAM-B3LYP with a 6-31+G(d) basis set on the parent porpholactone 0E00 in
implicit CH2Cl2 solvent with meso- C6F5 groups or hydrogen atoms, and in vacuum (Vac) with
meso-hydrogens. Table 3-1 compares the theoretical results using both model chemistries with
the experimental Qy absorption maximum in CH2Cl2 at 644 nm.192
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Table 3-1. TD-DFT Vertical Excitation Wavelengths (nm) for Porpholactone 0E00 and their
Deviation from the Experimental Absorption Maximum

a

CH2Cl2, With
meso-C6F5 groups
Vac, With
meso-C6F5 groups
Vac, With
meso-H atoms

PBE1PBEa

Δλ
(Exp – PBE1PBE)b

CAMB3LYPa

Δλ
(Exp – CAM-B3LYP) b

572

72

601

43

568

76

593

51

542

102

568
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The basis set for all TD-DFT calculations was 6-31+G(d).

b

The experimental (Exp) Qy wavelength is 644 nm, as reported in Ref. 192.

The data in Table 3-1 indicates that implicit solvation has a relatively minor effect (4-8
nm), the meso-C6F5 groups induce a significant bathochromic shift (25-26 nm) relative to mesohydrogen atoms, and that the CAM-B3LYP functional is more quantitatively accurate (by 25-29
nm or ~0.1 eV) than PBE1PBE for the Qy band of porpholactone 0E00. The influence of the
meso-aryl substituents is probably overestimated because the rotational freedom of these groups
(demonstrated in Section 3.3.2), and the associated thermally averaged variation in conjugation
to the macrocycle were not considered in these excited state calculations on static (fullyoptimized) structures.
Though quantitative accuracy is important, it does not indicate the reliability of the
functional for a series of homologous structures. To determine whether PBE1PBE or CAMB3LYP more reliably reproduce the qualitative Qy wavelength trend among the isomeric
porphodilactones, both functionals were used for TD-DFT vertical excitation energy calculations
on the five regioisomers in CH2Cl2 or Vac with meso-C6F5 groups and in Vac with mesohydrogens.
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Figure 3-3 summarizes the experimental and theoretical Qy wavelengths as a function of
the experimental Qy wavelengths; deviations from the diagonal experimental versus experimental
black curve reflect deficiencies in the computational method. This type of analysis has a long
pedigree in the porphyrin literature.199 The excitation wavelengths reported in the figure were
shifted depending on the model chemistry and structural series (i.e. in CH2Cl2 or Vac, with mesoaryl groups or meso-hydrogen atoms) to align the experimental and theoretical Qy wavelength for
porpholactone 0E00 at 644 nm. Each curve was energetically shifted by a different amount
(Table 3-1), but the shift was applied uniformly to all points along the same curve.
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Figure 3-3. Qy vertical excitation energies for the five regioisomeric porphodilactones using TD- (a)
CAM-B3LYP and (b) PBE1PBE, each with a 6-31+G(d) basis set. The excitation energies calculated
with a given model chemistry and set of structures were uniformly shifted to align the theoretical and
experimental Qy wavelength for porpholactone 0E00 at 644 nm. The experimental wavelengths are based
on Ref. 24, 179. DCM = dichloromethane (CH2Cl2) and Vac = vacuum.
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As found above for porpholactone 0E00, the PBE1PBE functional is less quantitatively
accurate, as indicated by the larger vertical displacements from the black curve in Figure 3-3b
versus 3-3a. However, PBE1PBE is considerably improved over CAM-B3LYP with respect to
the qualitative trend, as evidenced by the greater linearity of the theoretical curves in Figure 3-3b
versus 3-3a. Only the calculations with implicit solvent deviate strongly from linearity at shorter
wavelengths, but this discrepancy is found for both functionals. Because a chief aim of this
chapter is to understand the structural origin(s) of the Qy wavelength trend, a greater emphasis
was placed on qualitative over quantitative accuracy, and therefore the PBE1PBE functional was
selected for the analysis of optical response properties.
In Section 3.3.9, we probe the structural basis for the Qy wavelength trend by considering
structural analogues. The employed structural substitution strategy explores the region of
chemical space near the porphodilactones in order to partition effects arising form conjugation,
inductive polarization, and heteroatom lone pairs. No experimental data is available to ensure
that the qualitative reliability of PBE1PBE extends to the porphodilactone structural analogues
that are examined. However, a series of eight oxazol-based porphyrinoids was previously
synthesized that incorporates many of the same substituents as those considered in the
hypothetical structures.31
To further test the reliability of the chosen TD-PBE1PBE methodology for our structural
substitution strategy, the Qy absorption maxima were calculated for these additional eight
oxazol-based porphyrinoids and compared to experimental values (Table 3-2). After applying a
constant 0.3637 eV shift to lower energy, and converting to wavelength in nm, the PBE1PBE
functional was found to reproduce in almost every case the bathochromic Qy wavelength trend
among the oxazol-derived porphyrinoids. The quantitative agreement is also very high (within 30
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nm), suggesting that much of the error with the chosen computational method is systematic and
removed by applying a uniform shift to the calculated excitation energies.

Table 3-2. Comparison of Experimentala and TD-DFTb Wavelengths (nm) for Various Oxazolbased Porphyrinoids
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a

740
723

750
746

770
761

810
804

Experimental wavelengths are reproduced from Ref. 31..

b

Calculated vertical excitation wavelengths were obtained at the TD-PBE1PBE/6-31+G(d) level of

theory, and shifted by 0.3637 eV to lower energy.

3.2.3. NMR Resonances and Ring Current Susceptibility
NMR calculations were performed using the GIAO method200-203 with the
B3LYP/def2TZVP204 model chemistry. The basis set and perturbed densities from these
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calculations were analyzed with the gauge including magnetically induced current (GIMIC)
method205-206 to visualize ring current pathways and to quantify current susceptibility strengths.
The model chemistry used for the NMR calculations has been recommended for the study of
diatropic porphyrinoids with GIMIC.207 The current susceptibilities were quantified by
integrating the current density passing each symmetry non-equivalent nitrogen atom and β,β’bond (C=C or C-O), as well as one Cβ -Cmeso bond. As a check that Kirchhoff’s current law was
satisfied, the sum of the currents through the nitrogen atom and Cβ-Cβ or Cβ-Oβ bond of each
subunit matched the current through the Cα-Cmeso bond to within 0.7 nA/T. This minor deviation
from zero is due to the numerical approximation to the integration planes, and the placement of
some of these planes through nitrogen atoms, which sustain local currents. The discrepancy is
reasonably small and does not alter the conclusions reached in Section 3.3.
In separate NMR calculations, a phantom or probe atom was placed 1.0 Å above the
geometric mean of the C12N4 inner rim of the macrocycle common to all studied molecules so as
to determine the nucleus independent chemical shift (NICS) for the macrocycle.208-209 The
negative of the ZZ component of the magnetic shielding tensor calculated at this position is
reported in this chapter as NICS(1)ZZ,macro.

3.3. Results and Discussion
3.3.1. Structural Considerations and Nomenclature	
  
Conversion of two pyrrole subunits of a porphyrin into oxazolone moieties yields five
possible isomeric porphodilactones (Scheme 3-1).24,

179-180

Two of the regioisomers display

oxazolones on opposite sides of the macrocycle, which resembles the substituent pattern of
bacteriochlorins. The other three isomers resemble isobacteriochlorins, with oxazolones at
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adjacent sites. The naming as (iso)bacteriochlorins is purely based on structural considerations
and does not imply that these chromophores possess bacteriochlorin- or isobacteriochlorin-like
optical spectra/electronic properties. We will show below that they, in fact, do not.
In the bacteriochlorin series, the two lactone moieties can adopt two relative orientations:
head-to-tail (2,12-dioxa-3,13-dioxo-substitution, C2h-symmetric structure) and head-to-head
(2,13-dioxa-3,12-dioxo-substitution, C2v-symmetric structure). For the purpose of the symmetry
assignments, the relative orientation of the meso-C6F5-groups with respect to the chromophore
mean plane is either omitted or assumed to be perfectly perpendicular to the chromophore. Three
orientations are possible in the isobacteriochlorin series: head-to-tail (2,7-dioxa-3,8-dioxo-),
head-to-head (2,8-dioxa-3,7-dioxo-), and tail-to-tail (3,8-dioxa-2,7-dioxo-porphyrins).
The formal numbering system,210 however, is not particularly user-friendly and does not
provide any direct indication of the symmetry of the molecule. We therefore introduce here a
simplified nomenclature convention using a four-character string representing the building
blocks in a way that specifies the position and relative orientation of the oxazolones, and allows
a rapid survey over the (relative) symmetry of the molecules: A pyrrole moiety is designated 0,
e.g. a regular (meso-aryl)-porphyrin is named 0000. A lactone moiety is designated E in one
orientation, and Ǝ in the opposite orientation. Thus, a porphomonolactone is named 0E00. For
convenience, we chose to start the string at ring I (top-left), and then enumerate in clockwise
fashion. Going around a macrocycle, the last character in the string is followed by the first again,
so the monolactone could equivalently be named 00E0 or 000E, etc. (or even Ǝ000, etc., since
the compound is non-chiral).
Two lactone moieties within a macrocycle can be adjacent (isobacteriochlorin-type
substitution), like 0EE0, or opposite (bacteriochlorin-type substitution, i.e., separated by a
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pyrrole) from each other, as in 0E0E. Both lactones could also be arranged in the same
orientation (head-to-tail) in the ring (EE) or opposite (head-to-head) (ƎE) to each other. When
comparing multiple structures, it is important to construct the string by traversing the
macrocycles in the same clockwise or counter-clockwise direction, regardless of where the string
was started. Therefore, the two bacteriodilactone isomers are 0E0E and 0Ǝ0E when starting the
string with the top-left pyrrole, but other strings are equivalently valid. Likewise, the
isobacteriodilactone isomers are designated as 0EƎ0 (tail-to-tail; C2v-symmetry), 0EE0 (head-totail; Cs-symmetry), and 0ƎE0 (head-to-head; C2v-symmetry). Thus, some structural information
and symmetry elements of the molecules are directly reflected in the character strings. We see
this as the greatest advantage of the proposed system.
We also note that this nomenclature can be expanded to tetrapyrrolic macrocycles
containing more than two lactones (such as EEE0 or even EEEƎ), smaller (0E0 for Osuka’s
subporpholactone, for example)211 or larger number of ‘pyrroles’ within the macrocycles (0000E
for a hypothetical pentaphyrin lactone), and to macrocycles containing other non-pyrrolic
moieties or modified pyrrolines, such as E00A for a ‘tetrapyrrolic lactone’ with a symmetric unit
or 0E0E’, for a non-symmetric unit (see its usage below).
In theory, there are multiple tautomeric structures available to the dibasic chromophores
discussed here. We refer to tautomeric structures carrying two N-H protons at adjacent sites as
adj-isomers and those carrying them at opposite sites as opp-isomers. In case of the
porpholactones, some of these possibilities position N-H hydrogen atoms on oxazolone moieties.
However, computations presented below will show in detail that all tautomers carrying N-H
hydrogen atoms on the oxazolones are much disfavored. They were therefore not specifically
named.
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3.3.2. Macrocycle and meso-Aryl Conformational Effects
Single crystal X-ray diffractometry structures of the meso-C6F5-porphodilactone isomers,
as their free bases or Zn(II) complexes, are available and demonstrate that the chromophores are
all idealized planar.24,

179

The optimized geometries of the free base bacteriodilactones and

isobacteriodilactones presented here are qualitatively consistent with the experimental findings:
The structures are essentially planar, with only a minor tilt (up to 4°) of the O=Cβ-Oβ moiety of
each oxazolone from co-planarity with the C16N4 macrocycle. The minor oxazolone out-of-plane
distortion was previously attributed to an unfavorable steric interaction between the β-carbonyl
and a flanking meso-C6F5 group.192,

212

Evidently, the steric repulsion is greater than the

electrostatic attraction that could be expected to exist between the negatively polarized oxygen
terminus of the β-carbonyl and the partial positive π-face of the C6F5-ring.
The β-carbonyl-meso-aryl steric repulsion responsible for the oxazolone out-of-plane
deformation should directly correlate to the distance between these two groups, which itself is
dependent on the tilt angle of the C6F5-ring. To explore the nature and energetics of this
interaction, relaxed potential energy surface (PES) scans were conducted around the Cmeso-Cipso
bond of the symmetry-unique C6F5-groups in 0E0Ǝ and 0E0E (Figure 3-4a), as well as the C6F5groups flanked by two–albeit differently oriented–oxazolones in 0EƎ0, 0EE0, and 0ƎE0 (Figure
3-4b). The meso-C6F5 groups of the fully optimized structures are rotated by 17-30° off
orthogonality to the plane of the macrocycle.
There is a competition between the preference for a tilted, as co-planar as possible mesoC6F5 ring to realize (partial) conjugation with the macrocyclic π-system,213 and a steric clash
between the o-F atom and the lactone β-carbonyl group that develops as the ring tilts and induces
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an out-of-plane distortion of the oxazolone.192, 212 The PES results allow an assessment of the
relative energies of both effects.
(a)

(b)

Figure 3-4. Structures (left) and corresponding energetics (right) for the rotational itinerary ( ± 45° offorthogonality) for the meso-C6F5 groups (a) flanking an oxazolone in the bacteriodilactone isomers, and
(b) in-between the two oxazolones of the isobacteriodilactone isomers. The overlaid light and shaded
structures are respectively the initial and final geometries from the PES scans. Squares/circles in the plot
of panel a correspond to the rotating C6F5 group flanked by a ring oxa-atom or oxo-substituent,
respectively.

The competition between the steric and electronic effects is most clearly evident in the
comparison of the PES scans conducted for the isobacteriodilactone isomers 0EƎ0 and 0ƎE0,
which respectively have no or two steric clashes between aryl and β-carbonyl groups (Figure
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3-4b). In the absence of the steric interactions, the perfectly orthogonal orientation of the mesoaryl group is ~1.3 kcal/mol less favorable than a ~30° tilt angle (the energy minimum in the
PES). The destabilization reflects the loss of (partial) conjugation of the aryl substituent with the
macrocycle. In contrast, the rotational itinerary for the isomer with two steric interactions is
energy-neutral in the tilt angle range ± 25°, because the stabilization provided by conjugation to
the macrocycle as the C6F5-ring tits is now opposed by steric contacts with the oxazolone βcarbonyls. Isomer 0EE0 with only one of these interactions takes up a middle position between
the limiting cases. Comparison of the rotational barrier height at a 0° tilt for 0ƎE0 to 0EE0 and
0EE0 to 0EƎ0 shows that each successive β-carbonyl-meso-aryl steric repulsion destabilizes the
structure by an additional ~0.7 kcal/mol.
These observations also apply to the bacteriodilactones (Figure 3-4a). The rotational
itinerary of the C6F5-group in the bacteriodilactones on the oxa-side of the oxazolone (interaction
of the o-F with the β-O and CH groups) compares to the interaction of the o-F with the two β-O
groups in 0EƎ0. Likewise, the itinerary for the aryl group on the oxo-side of the oxazolone in the
bacteriodilactones is equivalent to that shown for 0EE0.
Given the energetically small (< 1.5 kcal/mol) steric and conjugation effects, we
emphasize that the relative magnitudes are more important than the absolute values. We
therefore conclude from the forgoing discussion that the conjugation effect and the steric
interactions with two β-carbonyl groups are of the same magnitude in the rotational space ± 25°
off-orthogonality; beyond this range, steric interactions overcome all conjugation effects.213 We
will demonstrate below that the trends in the thermodynamic and spectral properties of the
porphodilactones are largely unaffected by the presence of the meso-C6F5 groups, even though
the absolute values shift with their presence.
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3.3.3. Ground State Stability	
  
The thermodynamic stability of the most stable tautomers of the porphodilactone isomers
(opp-bacteriodilactone and adj-isobacteriodilactone isomers; see below for details) depends on
the relative orientation of the oxazolone subunits, with the most stable being the
bacteriodilactone 0E0Ǝ, followed by the other bacteriochlorin-type isomer 0E0E (Table 3-3); the
least stable and experimentally also most rare179 isobacteriodilactone is isomer 0ƎE0. Overall,
the stability rank ordering is 0ƎE0 < 0EE0 < 0EƎ0 << 0E0E < 0E0Ǝ. Any of the three
isobacteriodilactones are disfavored by 7-9 kcal/mol relative to either of the bacteriodilactones.
In comparison, the parent unsubstituted isobacteriochlorin is only ~4 kcal/mol less stable than
the corresponding unsubstituted bacteriochlorin.
This stability order is the same, irrespective of the replacement of the meso-C6F5
substituents by hydrogen atoms, or whether implicit CH2Cl2 solvation is included or not. For this
reason, and simplicity sake, the remaining discussion focuses on vacuum-optimized
chromophore structures carrying meso-hydrogen atoms. We also compare molecular electronic
energies only because entropic differences among the isomers are likely to be minimal.214
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Table 3-3. Relative Total Energies for Isomeric Dilactones and Reference Structuresa

Structure
0E0Ǝ
0E0E
0EƎ0
0EE0
0ƎE0

With C6F5
in CH2Cl2
0.0
0.6
6.1
7.1
8.6

Without C6F5
in CH2Cl2
0.0
0.5
7.0
7.4
8.3

With C6F5
in Vacuum
0.0
0.5
6.9
8.0
10.0

Bacteriochlorin
Isobacteriochlorin
a

Without C6F5
in Vacuum
0.0
0.5
7.6
8.1
9.3
0.0
3.9

Relative energies for the structures optimized at the B3LYP-D3/6-31G(d) level of theory. Calculations

including CH2Cl2 solvent used the conductor-like polarizable continuum model.

Table 3-3 shows that the energy differences among isomers of the same tautomeric state
(adj-isobacteriodilactones or opp-bacteriodilactones) are less than a third of the difference
between isomers having different tautomeric states. Given the dominant role of tautomeric state
over the thermodynamic ranking, it is important to know what factors prescribe different
tautomeric states to the bacteriodilactones and isobacteriodilactones. We address this issue in the
next section.

3.3.4. Tautomeric Preferences of the Porphodilactone Isomers	
  
The investigation of porphyrin and hydroporphyrin tautomers, and their analogues, has a
long history.215-223 The preferred tautomer for porphyrins, chlorins, and bacteriochlorins is the
opp-tautomer, while the isobacteriochlorins prefer the adj-tautomer.223-224 The repulsive
transannular interactions of two protonated pyrroles (as well as the electrostatic repulsion of the
two imine-type N-atoms) adjacent to each other are the major factors in the higher energies of
the isobacteriochlorins compared to the corresponding bacteriochlorin isomers. The adj-tautomer
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was also observed as the preferred solution and solid state structures for the
isobacteriodilactones.179
An alternative tautomeric state of the isobacteriodilactones that alleviates the repulsive
transannular interactions by protonating an oxazolone and a pyrrole on opposite sides of the
macrocycle is also conceivable. In fact, this tautomer was, on the basis of iterative extended
Hückel calculations, predicted by Gouterman et al. to be of the lowest energy.180 Why, then, is a
more strained tautomer observed experimentally for the isobacteriodilactones? Since
tautomerization also impacts the favorability of the conjugation path through the nitrogen
atoms,225 how does the aromaticity of the macrocycle change as a function of tautomeric state?
To illuminate these questions, we computed the adj- and opp- tautomers of the bacterioand isobacteriodilactones and compared their energy (ΔE) relative to the lowest energy
isomer/tautomer combination (opp-0E0Ǝ). We also computed nucleus independent chemical
shift (NICS) and macrocyclic current susceptibility strength (Jmacro) values as complementary
measures of aromaticity (Figure 3-5). NICS provides a measure of the magnetic shielding
induced by the circulation of electron density in the molecule, while Jmacro gives a measure of the
ring current susceptibility for specific bonds or atoms. The use of both metrics reinforces our
conclusions, and provides a bridge to make comparisons with other literature that may use only
one or the other of these methodologies. The two tautomeric states of porphin were added to our
analysis as benchmark data. In Figure 3-5, structures with the same tautomeric state and relative
lactone orientation were not uniquely named (e.g. there are two symmetry-unique adj-0EƎ0
structures).
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Figure 3-5. Relative energy (ΔE), absolute macrocyclic ring current susceptibility (Jmacro), and absolute
macrocyclic nucleus independent chemical shifts (NICS(1)zz,macro) for the compounds indicated. The ΔE
of the porphyrins is listed relative to the opp-porphyrin shown, and with respect to opp-0E0Ǝ in the
dilactone series. The red mark on each structure indicates the bond through the middle of which Jmacro was
integrated; NICS(1)zz,macro values were taken as the ZZ magnetic shielding component measured by a
probe (phantom) atom 1.0 Å above the geometric mean of the C12N4 inner rim of each macrocycle.
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Figure 3-5. Continued from previous page.
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Like others before us,226 we found that the adj-tautomer of porphin is 8-9 kcal/mol less
stable than the opp-tautomer. In addition, the analysis of the tautomers of porphin revealed that
both possess essentially the same Jmacro and NICS aromaticity metrics (of ~27 nA/T and -38 ppm,
respectively). The aromaticity of the two tautomers is thus independent from their
thermodynamic stability. In turn, this suggests that ΔE for the opp- versus adj-isomer is – at least
at first approximation – of purely steric nature, induced by the repulsive transannular interactions
within the central cavity of the adj-tautomer,226 and not by any differences in their aromatic
stabilization.
Similar transannular interactions in the central cavities of the porphodilactones
destabilize any of the adj-isobacteriodilactones by 7-9 kcal/mol relative to the oppbacteriodilactones. The aromaticity of the five experimentally observed porphodilactone isomers
are within 10% of one another as quantified by Jmacro (22.0 to 24.3 nA/T) and NICS (-30.2 to 34.4 ppm). Thus, as with porphin, the destabilization of the adj-isobacteriodilactones versus the
opp-bacteriodilactones is primarily due to the unfavorable steric contacts within the central
cavity of the macrocycle.
Considering the alternative tautomeric states of the porphodilactones, we found that the
naturally occurring adj-isobacteriodilactones are stabilized by ~3-4 kcal/mol over their
hypothetical opp-tautomers; inversely, the opp-bacteriodilactones are stabilized by 19.4-22.0
kcal/mol over their hypothetical adj-tautomers. Part of the destabilization of adj versus opp
bacteriodilactone tautomers is due to the introduction of unfavorable transannular repulsions,
which we have just shown to inflict a 7-9 kcal/mol energetic penalty. If the destabilizing
influences are assumed to be independent and additive to first order, some other factor
destabilizes the adj-bacteriodilactones by an additional 12-13 (19 – 7

or 22 – 9) kcal/mol
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relative to the opp tautomers. This amount of destabilization is very nearly equal to that incurred
(11-14

kcal/mol)

by

the

isomerization

of

an

opp-bacteriodilactone

to

an

opp-

isobacteriodilactone, which does not introduce any unfavorable transannular interactions.
The

canonical

Lewis

structures

of

the

adj-bacteriodilactones

and

opp-

isobacteriodilactones suggest the identity of the (additional) destabilizing factor: the protonated
oxazolone found only in these isomer/tautomer combinations formally imposes a break in the
macrocyclic conjugation pathway. Surprisingly, the tautomers carrying a protonated oxazolone
have only 10-20% less macrocycle aromaticity (as measured by their corresponding Jmacro values)
compared to the experimentally found tautomers. In other words, a protonated oxazolone can
still sustain a significant ring current. To put this relatively small loss of macrocycle aromaticity
into perspective, the Jmacro and NICS values of all five dilactones in their experimentally
observed tautomers are also 10-20% smaller compared to those for porphin (and, as already
noted, they vary only within 10% from each other according to both metrics). Nonetheless, the
reduction in aromaticity has a significant energetic effect, found here to be worth 11-14 kcal/mol.
In summary, steric strain (7-9 kcal/mol) in the adj and reduced aromaticity (11-14
kcal/mol) in the opp tautomers destabilize the isobacteriodilactones relative to the oppbacteriodilactones. Thus, the decrease in aromaticity for the opp-isobacteriodilactones is 3-4
kcal/mol more destabilizing than the repulsive interactions caused by adopting an adj-tautomer.
By contrast, both steric strain and reduced aromaticity work in concert to destabilize the adjversus opp-tautomers of the bacteriodilactones. The adj-bacteriodilactones are more strained (by
7-9 kcal/mol) and less aromatic (by 11-14 kcal/mol) than the opp-tautomers, in excellent
agreement with the overall energy difference (19.4-22.0 kcal/mol) between these tautomers.
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This interplay between the steric and electronic factors fully rationalizes the
experimentally observed opp-bacteriodilactones and adj-isobacteriodilactones as the lowest
energy porphodilactone tautomers and corrects earlier predictions.180 The outcome of this
analysis is consistent with the conclusions reached for other porphyrinoids.223-224 Since the
‘unnatural’ tautomers do not contribute to any significant degree to the equilibrium mixtures,
they are not considered further in this chapter.

3.3.5. Interaction of the Oxazolones with the Macrocycle π-System: Aromaticity of the
Porphodilactone Isomers
The energetic competition between steric and electronic factors that decides the
tautomeric preference of a porphodilactone may suggest that thermodynamic stability and
aromaticity are decoupled for these non-classical hydroporphyrins. Such a conclusion would be
in contrast to an theoretical investigation by Otero et al. for di-, tetra-, hexa- and
octahydroporphyrins.214 However, the transferability of conclusions for these structural classes is
not obvious, because the porphodilactones vary in important respects from their hydroporphyrin
congeners. For example, the optical spectra of the porphodilactones do not resemble those of any
type of classic hydroporphyrin.27, 99 The Cβ-atom of each oxazolone is still sp2-, instead of sp3hybridized, and is conjugated to an exocyclic π-bond (Cβ=O). Also, the lone pairs of the β-oxa
atoms, which are not present on the corresponding β-methylene (CH2) groups of a classic
hydroporphyrin, can be in conjugation with the macrocyclic π-system to some degree. A change
of the relative orientation of the two lactone moieties to each other results in different optical
spectra,24, 179 suggesting a complex interaction of the lactone moieties with the macrocycle πsystem (or each other). The surprisingly strong influence of the relative orientation of
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auxochromes on the electronic properties of a porphyrinoid has been observed in other cases as
well.227-228 Opposed to this effect is the removal of Cβ=Cβ bonds from crosstalk with the
macrocycle by saturation in a hydroporphyrin.
To better understand the influence of the lactone moieties on the chromophore, we
computed and compared macrocyclic ring current susceptibilities with experimental 1H NMR
resonances (Table 3-4) to assess the relative aromaticity of the porphodilactones. As benchmarks
for the discussion, the corresponding data for the tetrahydroporphyrins bacteriochlorin and
isobacteriochlorin are also given in the table.

Table 3-4. Calculated Macrocyclic Ring Current Susceptibilities (Jmacro) and Experimental Proton
Chemical Shifts (d) for the Isomeric Porphodilactones and Reference Structuresa

a

Structure
0E0Ǝ
0E0E
0EƎ0
0EE0
0ƎE0

a

Bacteriochlorin
Isobacteriochlorin

Calculated
Jmaco (nA/T)
23.2
24.3
22.0
22.4
23.4
23.5
18.7
23.2

Experimental 1H NMRb Resonances (ppm)24, 179
δ(N-H)
-0.33, -0.95
-2.12
-0.15
-0.32, -0.75
-1.99

δ(β-H)
8.52, 8.53, 8.70
8.85
8.61, 8.71
8.65, 8.68, 8.79
8.83, 8.87

Δ(δ(N-H) – δ(β-H)
8.9-9.7
10.8
8.8-8.9
9.0-9.5
10.8-10.9

-0.33, -0.95

8.52, 8.53, 8.70

8.9-9.7

Based on a GIMIC analysis of NMR calculations at the B3LYP/def2TZVP level of theory.

b

Experimental proton resonances are based on Refs. 24 and 179.

The relative oxazolone orientation modulates the aromatic character of the
porphodilactones over a narrow range: bacteriochlorin-type isomer 0E0E is calculated to have a
1.0 nA/T greater macrocyclic ring current susceptibility than 0E0Ǝ.229 The prediction is
qualitatively in accord with the experimentally observed 1.2-1.8 ppm upfield and 0.15-0.33 ppm
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downfield shifts of the N-H and β-proton resonances, respectively, in the 1H NMR spectrum of
0E0E relative to that of 0E0Ǝ. Generally, the bacteriodilactones are, within ~1.0 nA/T, just as
aromatic as their unmodified hydroporphyrin congener.
Isobacteriodilactone isomer 0ƎE0 is calculated to have a macrocyclic current
susceptibility 1.4 nA/T greater than isomer 0EƎ0, whereas Jmacro for 0EƎ0 and 0EE0 are nearly
the same. The experimental 1H NMR shifts reflect this trend:179 the N-H resonances of 0ƎE0 are
shifted upfield by at least 1.2 ppm relative to those of 0EƎ0 and 0EE0, which each show N-H
signals in the -0.15 to -0.75 ppm range. The β-H resonances are correspondingly shifted
downfield by 0.04-0.26 ppm. Notably, all isobacteriodilactones are by 3.3-4.7 nA/T significantly
more aromatic than their tetrahydroporphyrin counterpart.
Considering all five porphodilactones, the calculated diatropicity increases in the order
0EƎ0 ≈ 0EE0 < 0E0Ǝ ≈ 0ƎE0 < 0E0E. The observed spread in the chemical shifts between the
N-H and β-H resonances, an experimental measure of diatropicity, conforms to the same general
trend within, but not between, the sets of adj-isobacteriodilactone and opp-bacteriodilactone
isomers. According to the experimental NMR data, 0E0Ǝ and 0EE0, as well as 0E0E and 0ƎE0
form pairs of equivalently aromatic isomers. Neither the experimental nor computational
diatropicity rankings of all five porphodilactones match the trend in their thermodynamic ground
state stability computationally derived in Section 3.3.3. This again sets the porphodilactones
apart from their tetrahydroporphyrin analogues.
The analysis of aromaticity was extended to visualize and quantify the magnetically
induced currents in the bacteriodilactones and isobacteriodilactones. The current pathways were
visualized using a streamline representation, and quantified by numerically integrating the
current flow through selected atoms and bonds (Figure 3-6).
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The general pattern that emerges is that the macrocyclic current in all five
porphodilactones primarily takes – as found for the conjugation pathways of the hydroporphyrins
– the route through the outer Cβ=Cβ and the inner Cα-N-Cα bonds.207 However, some current also
flows through the Cα-NH-Cα units of the pyrroles, as found previously for a variety of
porphyrinoids.225 Significantly, and firstly demonstrated here, the lactone Cβ-Oβ bonds of the
oxazolones also carry a sizable current, each sustaining a current susceptibility Jmacro of 5.1-6.3
nA/T. However, the participation of the two Cβ-Oβ bonds leads only in the isobacteriodilactone
cases to an increased Jmacro relative to the corresponding hydroporphyrin (Table 3-4).
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Figure 3-6. Ring currents in the porphodilactone isomers indicated with current susceptibilities in the
units of nA/T integrated through symmetry unique atoms and bonds, and visualized below as streamlines
using ParaView version 5.5.2.230 For generating the streamlines, an inspection sphere with a radius of 0.8
Å was placed 1.0 Å below the same meso-carbon of each structure to provide a global view of the
currents. The lavender-to-yellow color scale indicates an increasing amount of current.
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3.3.6. A Detailed View on the Role of the Oxazolone Moieties	
  
The calculated Cβ-Oβ bond current susceptibility suggests that the β,β’-bonds of a
porphodilactone, unlike a classic hydroporphyrin, remain conjugated to the macrocycle.
However, the current susceptibility is calculated by integrating through the middle of the Cβ-Oβ
bond, meaning that the magnetically induced circulation of both σ- and π-electron density is
included. The close proximity of circulating non-bonding electrons of the (oxa and oxo) oxygen
atoms to the integration plane for the current density can also affect the results.
To separate the macrocyclic conjugation from these other effects, we considered a model
of an isolated 2,4-bis-Csp2-substituted oxazolone fragment to characterize its intrinsic properties
apart from the macrocycle (Figure 3-7). The computed current for the Cβ-Oβ bond in the
oxazolone model system is 3.3 nA/T. This value is taken as the reference value in the absence of
a macrocyclic current contribution. In comparison, the computed current susceptibility value for
the Cβ-Oβ bond in the aromatic systems of the porphodilactones is significantly larger at 5.1-6.3
nA/T (Figure 3-6). This therefore indicates that ~1.8-3.3 nA/T of the current susceptibility is due
to conjugation of the oxazolone with the rest of the macrocycle. Previous studies similarly
concluded on the basis of spectroscopic evidence and molecular orbital visualizations that the
oxazolones were integrated into the electronic structure of the porpholactone chromophore.24, 164,
192

However, the present study is the first to estimate the degree of conjugation of the lactone

moiety with the macrocyclic π-system, and its influence on the aromaticity of the
porphodilactones.
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Figure 3-7. Oxazolone model system and depiction of local currents. An inspection sphere with a radius
of 0.8 Å was placed 1.0 Å below the meso-position so the streamlines are directly comparable to those in
Figure 3-6.

3.3.7. Reproduction of the Porphodilactone Optical Spectra
Having characterized the regioisomeric dependence of ground state thermodynamic
stability and aromaticity among the porphodilactones, we next examine in this and the following
sections the modulation in their linear optical response properties.
We computed the theoretical spectra resulting from TD-DFT vertical excitation energy
calculations of all porphodilactone isomers (for details to the computations, see Section 3.2.2).
Relative to the spectrum of 0E00,192 the conversion of a second pyrrole into an oxazolone
introduces a splitting of the Soret band and a significant modulation of the Q-bands in terms of
band patterns and positions (Figure 3-8). The overlay of the calculated results with the
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corresponding experimental absorption spectra highlights the high degree to which theory
reproduces the key features of the experimental spectra: the overlapping or split Soret bands,
their range, the features unique to some isomers, and the experimental Q-band wavelength trends
among the porphodilactones. Of particular interest is the regioisomeric variation of the longest
wavelength absorption over 52 nm, which is quantitatively reproduced by theory. Identifying the
nature of this absorption band, and the origin of its modulation, is a chief objective of the
following discussion.
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Figure 3-8. Experimental24,

179

(black) and simulated (colored; vacuum optimized structures with the

meso-C6F5 substituents replaced by hydrogen atoms) spectra for the compounds indicated. Gaussians with
a full-width-at-half-maximum of 0.08 eV were fit to the calculated vertical excitation energies. A shift of
0.3637 eV was applied to all computed excitation energies, because this is the discrepancy between
theory and experiment for the parent porpholactone 0E00, as explained in Section 3.2.2.1. Both
experimental and computational spectra were magnified five-fold for wavelengths beyond 500 nm for
better visibility.
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3.3.8. Origin of the Porphodilactone Optical Spectra
The visible absorption bands of porphyrins and hydroporphyrins are generally interpreted
using the Gouterman Four Orbital model,27 which considers the spectra as primarily originating
from electronic transitions between the two highest occupied and two lowest unoccupied
molecular orbitals. The origin of the optical spectra for the porphodilactone isomers are also
well-described by this model (Figure 3-9).

Figure 3-9. Frontier orbital energies for the five porphodilactone isomers. The coloring of the energy
levels reflects similarities in the topology of the orbitals. Red, orange, green, and blue indicate
respectively the HOMO-1, HOMO, LUMO and LUMO+1, except for 0ƎE0 for which the topologies of
the LUMO and LUMO+1 are inverted.
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Figure 3-9 shows the energetic positions of the four frontier orbitals for the
porphodilactone isomers arranged from left to right in order of the bathochromic shift in the
longest wavelength absorption maximum. Ordinarily, bathochromic shifts of this kind are
interpreted in terms of a narrowing of the HOMO-LUMO gap, and indeed, this perspective
explains the progressive red shift from 0EE0 to 0E0E. In the sequence from 0EE0 rightward in
Figure 3-9, the LUMO is stabilized and the LUMO+1 is destabilized, while the HOMO levels
display much less variation.
Contrary to the trend relating a reduced HOMO-LUMO energy gap to spectral
bathochromism, the HOMO-LUMO separation increases from 0ƎE0 to 0EE0, even though the
longest wavelength absorption red shifts. This observation indicates that it is not sufficient to
view the excitation in terms of a single electron promotion. Consistent with the Four Orbital
model, the excitation is shown below to be composed of multiple interacting electronic
configurations. It is also interestingly to note that the orbital topologies of the two LUMOs are
inverted in isobacteriodilactone isomer 0ƎE0 relative to those found for the other structures.
The calculations indicate that the longest wavelength (also known as λmax) band of the
porphodilactones is composed of 63-76% HOMO → LUMO and 20-32% HOMO-1 →
LUMO+1 orbital transitions. This spectral feature is therefore assigned as the Qy state in accord
with the Four Orbital model. The other low-lying and less intense electronic excitation in the Qband region of the spectrum is dominated by HOMO-1 → LUMO and HOMO → LUMO+1
transitions, and assigned as the Qx state. Because the electronic structure calculations only found
these two excited states in the long wavelength region (> 500 nm), the additional band-structure
in the experimental spectra of Figure 3-8 is attributed to vibronic transitions. In the experimental
spectra it is difficult to distinguish the Qx state from the Q-band vibronic progression. As is also
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the case for hydroporphyrins, the Qy state in the porphodilactone isomers is generally lower in
energy than the Qx state (with the exception of isobacteriodilactone isomer 0ƎE0).
The inverted state ordering for this isomer represents the culmination of a trend among
the adj-isobacteriodilactones: Along the isomeric series 0EƎ0 → 0EE0 → 0ƎE0, the Qy-Qx
separation decreases and the relative intensities of these states significantly change, the two
states mix configurationally, and ultimately the state ordering inverts. For 0EƎ0, the Qy
excitation is calculated to be 61 nm bathochromically shifted and 48-fold more intense relative to
Qx (oscillator strengths of 0.083 and 0.002 a.u., respectively). For isomer 0EE0, by comparison,
both the Qy-Qx wavelength separation and the Qy intensity are nearly halved, the Qx oscillator
strength is more than an order of magnitude larger, and 8% of Qx-native orbital transitions are
mixed into the Qy excitation (oscillator strengths 0.045 and 0.021 a.u., respectively).
Isomerization to 0ƎE0 blue-shifts the Qy excitation 12 nm with respect to Qx. The intensity of
the Qy state rebounds (to 0.079 a.u.), whereas Qx retains a low oscillator strength (0.010 a.u.).
The stabilization of Qx below Qy for 0ƎE0 suggests that this isomer has an electronic structure
more similar to a porphyrin than a hydroporphyrin. The different electronic structure of 0ƎE0,
including the inverted unoccupied orbital ordering, significantly alters the dipolar properties of
the molecule upon excitation into the Qy state relative to the other isobacteriodilactones (see
below).
	
  
3.3.9. Structure-Optical Property Correlations
With the experimental absorption spectra well reproduced by theory (Section 3.3.7) and
the electronic structures of the porphodilactones characterized (Section 3.3.8), we now seek to
disclose the structural origins for Qy-band wavelength modulation. A natural starting place is to
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consider and correlate other physicochemical properties that change as a function of molecular
connectivity, like dipolar nature. The relative orientation of the oxazolone moieties strongly
influences the dipolar properties of the macrocycle. We thus hypothesized that the spectral
modulation of the Qy-band has an electrostatic origin (Table 3-5), whereby the bathochromic
trend results from the lactonic moieties preferentially stabilizing the ground state and/or
destabilizing the excited state electron distribution.
Recall that the Qy wavelength red-shifts in the order 0ƎE0 < 0EE0 < 0EƎ0 < 0E0Ǝ <
0E0E.

The

ground

and

Qy

excited

states

are

increasingly

stabilized

along

the

isobacteriodilactone series, but stabilization in the corresponding excited state energies is 1.62.6-fold larger (Table 3-5). Thus, the bathochromic shift among the isobacteriodilactones is the
result of a preferential excited state stabilization. By contrast, the ground and Qy excited states of
bacteriodilactone 0E0E are destabilized and stabilized, respectively, to equal extents relative to
those for 0E0Ǝ. The bathochromic shift among the bacteriodilactones, therefore, is the result of
the equal and opposing energetic changes to both the ground and excited states.

Table 3-5. Relative Energies of the Ground (ΔEgs) and Excited States (ΔEes), Absolute Dipole
Moments, and Qy λmax Wavelengths for the Porphodilactone Isomersa

0ƎE0
0EE0
0EƎ0
0E0Ǝ
0E0E
a

ΔEgs (eV)
9.1
7.7
7.1
0.0
0.6

b

|mgs| (D)
10.68
9.77
8.80
2.12
0.00

ΔEes (eV)
62.7
60.5
58.9
51.1
50.5

b

|mes| (D)
11.58
9.02
8.85
1.22
0.00

Calc. Qy
(nm)
630
640
654
665
683

Exp. Qy
(nm)
624
631
640
657
676

All quantities were calculated at the PBE1PBE/6-31+G(d) level of theory, the same model used for the

excited state calculations.
b

All energies are relative to the ground state of 0E0Ǝ, set to be 0 kcal/mol.
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The increased stability in the ground state for most, and excited state for all, isomers
correlates with a decreased polarity in the respective state. The correlation may reflect the
energetic favorability of a molecule of lower polarity in a low dielectric environment (vacuum of
the calculations or the CH2Cl2 solvent used experimentally). With regard to the spectral trend,
the ranking of isomers by the Qy-band bathochromism linearly correlates with a decreasing
magnitude of the ground and Qy excited state molecular dipole moments. The Qy band red-shifts
as the oxazolone β-carbonyl bond dipoles become increasingly anti-parallel. However,
computations of compounds in which the lactone β-carbonyl (Cβ=O) was formally replaced by a
methylene groups (Cβ=CH2) could not confirm a connection between the position of the Qy λmax
band and the overall polarity of the chromophore (Table 3-6).

Table 3-6. Computed Ground (µgs) and Excited (µes) State Molecular Dipole Moments and
Excitation Energies for Regioisomeric Dioxazolone or Di(methyleneoxazole) Porphyrinoids

00Ǝ’E’
00E’E’
00E’Ǝ’
0E’0Ǝ’
0E’0E’
a

Dioxazolone Isomers
|µgs| (D)
|µes| (D)
Calc. Qy nm
10.68
11.58
630
9.77
9.02
640
8.80
8.85
654
2.12
1.22
665
0.00
0.00
683

Di(Methyleneoxazole) Isomers
|µgs| (D)
|µes| (D)
Calc. Qy nm
1.75
0.05
713
2.52
1.09
719
3.36
1.82
736
0.05
1.26
881
0.00
0.00
890

All quantities were calculated at the PBE1PBE/6-31+G(d) level of theory, because this model chemistry

was used for the excited state calculations.

What, then, is the structural origin of the red-shifts in the Qy band among the five
porphodilactone isomers? What are the minimal structural requirements needed to realize the
pronounced differences between the regioisomers? In addressing these questions, we performed
two series of calculations: Starting with monolactone 0E00, we formally exchanged a second
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pyrrole Cβ=Cβ bond by a number of non-symmetric moieties and we computed the corresponding
Qy bands for all regioisomers (Figure 3-10a and b). We restricted the replacement options to
carba-analogues of the oxazolone moiety, i.e., O=Cβ-CβH2, H2C=Cβ-CβH2, H2C=Cβ-Oβ, etc. The
search was furthermore limited to five-membered rings since the expansion of the ring
introduces significant conformational effects that, in turn, alter the optical spectra in a major
way.31-32, 83 This substitution series allowed the delineation of Qy-band wavelength variation in
terms of the following influences: (1) cross-conjugation of an exocyclic π-bond in the absence of
any oxygen atoms, (2) an exocyclic sp2- or sp3-hybidized oxygen atom, and (3) an sp3-hybidized
oxygen atom either directly connected to an sp2-hybidized carbon of the macrocyclic
chromophore or an intervening sp3-hybidized Cβ atom. We monitored two aspects of the spectral
modulation under these structural perturbations, namely, the absolute position of the Qy band and
the difference between the isomers within each structural series (isobacterio- and
bacteriochlorin-type isomers).
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Figure 3-10. Structural substitution pattern for the (a) opp-bacteriodilactones and (b) adjisobacteriodilactones in which a Cβ=Cβ bond of a second pyrrole in monolactone 0E00 was replaced by
non-symmetric functionalities. Structural substitution pattern for the (c) opp-bacteriodilactone and (d)
adj-isobacteriodilactone derivatives in which both O=Cβ-Oβ moieties were replaced by the same nonsymmetric functionality. All simulated Qy excitation energies were obtained at the PBE1PBE/6-31+G(d)
level of theory, and uniformly shifted by 0.3637 eV to lower energy. In all parts, purple, green, orange,
blue, and red indicate 0ƎE0, 0EE0, 0EƎ0, 0E0Ǝ, and 0E0E, or structural analogues with the same
regiochemistry as these compounds.
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An inspection of the spectral outcomes of the modifications in the bacteriochlorin series
(Figure 3-10a) reveals that the presence of the lactone moiety (oxazolone building block) results,
together with the pyrrole building block, in the most blue-shifted derivative. A differentiation of
the two isomers that is similar to the experimental 19 nm split between the porphodilactones
0E0E versus 0E0Ǝ can only be observed when a ring oxa-atom or a ring-oxo-substituent is
present, whereby the effects of the two structural features are not additive. The oxo- and oxacomponents of the lactone moiety exert opposing influences. Replacement of the electronwithdrawing oxo-group by a more electron-rich methylene group results in an almost 100 nmbathochromic shift, while the carba-analogues of the oxa-derivatives are significantly blueshifted. Comparison of some of the previously reported bisoxazolobacteriochlorins prepared by
us with closely related carba-analogues prepared by Lindsey and co-workers provided already
some experimental precedent for this effect.101, 195, 231-235
These findings are principally also found for the isobacteriochlorin series (Figure 3-10b),
with the complication of the presence of three isomers per compound, and the fact that the trends
are not exactly the same for each isomer. It is nonetheless possible to make some general
observations. The globally more blue-shifted optical spectra of the isobacteriochlorins versus the
spectra of the corresponding bacteriochlorin analogues are preserved for all substitutions.
Analogous to the bacteriochlorin series, the isobacteriochlorin derivatives carrying a pyrrole- and
oxazolone-building block represent the compounds with the most blue-shifted spectra. Inversely,
the methylene-analogues to the oxo-group (H2C=C-CH2 and H2C=C-O) are the most red-shifted.
The analogues in which the oxa- or oxo-atoms, or both, are replaced by a methylene completely
retain, partially preserve, or completely lose the regioisomeric differentiation of their λmax band
positions. The terms “completely” or “partially” refer to the presence, respectively, of
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wavelength differences among all three or only two of the isobacteriochlorin-type isomers, and
not to the magnitudes of these differences.
In a second series of calculations, we formally replaced both lactone (O=Cβ-Oβ) moieties
of the porphodilactone isomers with the same non-symmetric moiety chosen from among those
examined above and we calculated the Qy bands for all regioisomers (Figure 3-10c and d). This
procedure allowed the definition of the minimal structural features that are needed to realize
isomer-dependent Qy-wavelength variations within the bacteriochlorin- and isobacteriochlorintype series. The wavelength differences between the regioisomers are essentially lost in the allcarbon ring derivative CH3O-CβH-CβH2 (Figure 3-10c and d). Only if the building blocks
possess oxygen atoms bonded to an sp2-hybidized Cβ and Cα position as a ring oxa-atom or a Cβoxo-substituent is a strong electronic effect exerted on the chromophore, as expressed in Qy band
shifts or large differences between regioisomers. The following section will further illuminate to
which degree these types of oxygens are in conjugation with the macrocycle π-system.

3.3.10. The Role of the lactonic Oxa and Oxo Atoms
A natural bond orbital (NBO) analysis for the five porphodilactone isomers identified
partial delocalization of a non-bonding electron pair into the porphyrinic π-system as the unique
interaction shared by the oxo- or oxa-oxygen atoms; neither a CH2 nor a CH-OCH3 moiety could
provide a corresponding interaction.
The two lone pairs on each of the oxygen atoms of an oxazolone are energetically nonequivalent (Figure 3-11). One lone pair orbital on each oxygen atom is strongly localized, with
occupancy of 1.97-1.98 e; the second lone pair orbital on each oxygen atom, however, has a
lower occupancy of only 1.74-1.82 e. The partially delocalized oxa-oxygen lone pair is donated
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into the anti-bonding Cα-N and Cβ=O orbitals, whereas the corresponding pair of the oxo-oxygen
is mixed into the anti-bonding Cβ-Oβ and Cβ-Cα bonds. Negligible fractions of the localized lone
pairs on the oxo- and oxa-oxygen atoms are respectively donated into a Rydberg-type orbital on
the carbonyl carbon, and the anti-bonding Cβ-Cα bond. These donor-acceptor interactions have
energetic strengths of 3-40 kcal/mol based on a second-order perturbation theory analysis in the
NBO basis.

125

Figure 3-11. NBO analysis of the energetically most significant donor-acceptor interactions involving the
lone pair electrons of the oxo- and oxa-oxygen atoms of an oxazolone moiety. An oxazolone of
bacteriodilactone isomer 0E0Ǝ is shown, but the analysis is equivalent for all other porphodilactone
isomers.
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The NBO analysis showed no meaningful variation in the degree of lone pair
delocalization between the porphodilactone isomers. It thus is only suited to explain the absolute
wavelength shifts observed for derivatives with and without these interacting oxygen atoms, but
not the isomeric differences within each structural family.
To rationalize the isomeric differences within the bacterio- and isobacteriochlorin-type
isomers, we hypothesized that the relative orientation of these lactone groups significantly alters
the charge shift upon excitation. To test this conjecture, we calculated the change in electron
density (excited state – ground state) for all regioisomers of structures with either two O=CβCβH2 moieties (large computed optical difference between the isomers) or CH3O-CβH-CβH2
(negligible computed optical difference between the isomers) moieties (cf. Figure 3-10 and
Figure 3-12).
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Figure 3-12. Difference density plots for the Qy excitation of bacteriochlorin- and isobacteriochlorin-type
analogues of the corresponding porphodilactones. Lobes indicate regions that change electron density
upon excitation: Orange – gain, blue – loss. The densities are shown at an isovalue of 5 ×10-3 a.u.
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Upon excitation into the Qy state for both classes of bacteriochlorin-type structures shown
in Figure 3-12, there is an alternating pattern of gain and loss of electron density over the inner
rim of Cmeso-, Cα- and N-atoms, and some accumulation of density on the conjugated Cβpositions. However, when considering the differences between the β-keto and β-methoxysubstituted derivatives, we note that the extended macrocycle π-conjugation involving the β-oxo
oxygens significantly alters the charge shift within the pyrrole building blocks; it also introduces
significant electron reorganization differences in their regioisomeric derivatives. For instance,
either isomer of the β-methoxy-substituted bacteriochlorin-type analogue (0E’0E’ and 0E’0Ǝ’)
shows loss and gain of electron density on both Cα- and both Cβ-atoms of the pyrroles. By
contrast, the diketo analogues either show a decrease and increase of charge density,
respectively, on only one Cα-atom and one Cβ-atom of each pyrrole (0E’0E’), or on the Cα- and
Cβ-atoms of different pyrroles (0E’0Ǝ’). Thus, the conjugation of the β-oxygen substituents is
needed to polarize the charge shift upon excitation in a regioisomeric-dependent fashion. In the
context of oxygen lone pair delocalization it is also noteworthy that there is loss—albeit small at
the chosen isovalue—of electron density from the keto (but not the methoxy) oxygens, and gain
on the carbonyl carbons in both isomers upon excitation.
Similar conclusions follow for the isobacteriochlorin-type diketo- and dimethoxysubstituted regioisomers. The three methoxy-bearing isomers all have charge shifts and Qy
wavelengths that are practically identical, whereas the diketo-substituted counterparts exhibit
significant changes in the excitation-induced electron reorganization throughout the macrocycle.
Electron density flows in an oxazolone-to-pyrrole direction in isomers 0E’E’0 and 0E’Ǝ0’,
while, as a consequence of the inverted energetic ordering of the unoccupied orbitals in 0Ǝ’E’0,
in the opposite direction.
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The excitation-induced charge shifts for the bacterio- and isobacteriochlorin-type
analogues recapitulate the patterns observed for the porphodilactones (Figure 3-13), though in
the later cases, the electron displacements are larger.
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Figure 3-13. Difference density plots for the Qy excitation of the bacteriodilactones and
isobacteriodilactones. Lobes indicate regions that change electron density upon excitation: Orange – gain,
blue – loss. The densities are shown at an isovalue of 5 ×10-3 a.u.

130

3.4. Conclusions
In summary, we delineated the relationships between structure and thermodynamic
stability, aromaticity, and optical properties for all regioisomers of the porphodilactones. The
two bacteriodilactone-type isomers adopt an opp-tautomeric state to minimize strain and
maximize aromaticity, whereas the three isobacteriodilactone-type isomers occur as adjtautomers to maximize aromaticity at the price of increased strain. The competition between the
steric and electronic factors produces different trends in thermodynamic stability and
aromaticity, setting the porphodilactones apart from their classic hydroporphyrin congeners. The
porphodilactones are furthermore differentiated by the fact that the oxazolone Cβ-Oβ bond has a
degree of conjugation with the macrocycle that lies in-between that of a HC=CH and H2C-CH2
bond, explaining why in some cases the porpholactones are porphyrin-like, and in others chlorinlike. Based on magnetic criteria, all five porphodilactones possess levels of aromaticity that are
within 10% of one another, and ≥ 80% of that found for porphin. The Qy wavelength for all
isomers is experimentally tuned over a 52 nm range. Conjugation of β-oxygen atoms on opposite
(bacteriochlorin-type substituent pattern) or adjacent (isobacteriochlorin-type substituent pattern)
sites of the macrocycle was found to be the minimal structural requirement for a regioisomeric
tuning of the optical properties. The conjugated oxygens partially delocalize non-bonding
electrons into the macrocycle and polarize the charge shifts upon excitation, but they do so in a
regioisomer-dependent fashion.
These mechanistic insights into the electronic structure of the regioisomeric
porphodilactones provide a structural basis for the versatile and precise modulation of
porphyrinoid optical properties by systematically varying the number, nature, relative
orientation, and degree of conjugation of β-substituents. The porphodilactone analogues
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theoretically considered in this work constitute only a small subset of the chemical space that
awaits experimental exploration along these lines.99, 161-163 This work will inform the design and
utilization of pyrrole-modified porphyrins for a range of biomedical and technical applications.

132

Chapter 4

Efficient Mechanisms of
Solar Energy Capture and Transfer
in a Photosynthetic Antenna Protein

Selected portions of the material presented in this chapter are reprinted with permission from
Guberman-Pfeffer, M. J.; Greco, J. A.; Birge, R. R.; Frank, H. A.; Gascón, J. A. Light
Harvesting by Equally Contributing Mechanisms in a Photosynthetic Antenna Protein. J. Phys.
Chem. Let. 2018, 9, 563-568, Copyright © 2018, American Chemical Society, and GubermanPfeffer, M. J.; Gascón. J. A. Carotenoid-Chlorophyll Interactions in a Photosynthetic Antenna
Protein: A Supramolecular QM/MM Approach. Molecules. 2018, 23, 2589-2601. Copyright ©
2018, Matthew J. Guberman-Pfeffer and José A. Gascón.
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4.1. Introduction
The capture, conversion, transfer, and storage of solar energy by artificial means
constitute some of the greatest research challenges at present.7,

236

Natural architectures that

overcome these difficulties have been evolved by photosynthetic algae, bacteria, and plants,
which collectively consume an estimated five times more power than is needed for all human
activities.8 Lessons learned from the mechanistic study of natural light harvesting complexes will
inform and inspire the rational design of artificial photosynthetic devices capable of meeting
growing energy demands for sustainable human development.5, 7, 237
Photosynthetic dinoflagellates, important unicellular primary producers in almost all
aquatic ecosystems60 and causative species of harmful algal blooms (“red tides”) when too
numerous,238-239 employ an exceptionally efficient light harvesting antenna complex known as
the peridinin-chlorophyll a protein (PCP).240 PCP is an extrinsic, water-soluble antenna complex
that collects solar energy with >90% efficiency from the blue-green spectral region where the
solar irradiance is maximal,38, 40 and where light has the greatest penetration depth in the water
column.34 This superlative functionality is intimately related to the unique pigmentation and
architecture of PCP.61
The functional unit of PCP is formed from a polypeptide of α-helices and intervening
loops that is folded upon itself and spun around a cofactor cluster (Figure 4-1).241-242 Starting at
the N-terminus (N-Term; Figure 4-1a, purple), the polypeptide coils in a counter-clockwise
fashion until reading the β-turn (light green), at which point the direction is reversed so that the
C-terminus (C-Term; orange) ends up spatially near the N-Term. The cofactors that occupy the
central cavity (Figure 4-1b and c) comprise the structurally distinctive carotenoid peridinin (Per;
Figure 4-2), which is only biosynthesized240 by dinoflagellates, chlorophyll a (Chl a), and the
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lipid digalactosyldiacylglycerol (DGDG). The protein has no primary sequence or tertiary fold
homology with other chromophore-binding proteins,39, 61 and the cofactors are typically present
in an unusual stoichiometric ratio that is strongly displaced in favor of the carotenoid (e.g. 3:1:1
or 4:1:1, respectively; Figure 4-1b).39 Depending on the dinoflagellate species, two of these
modular light harvesting units either associate non-covalently, with the domain interface formed
largely from the intercalated cyclohexyl head-groups of the bound Pers, or covalently via an
unstructured amino acid linker.39, 242-243 Only the resulting two-domain complex (Figure 4-1d)
has in vivo relevance, and is therefore referred to as a PCP monomer.242 Various isoforms of the
subunits are expressed by a given species to produce PCP monomers having isoelectric points
ranging from 4.5-9.0.243 The relative abundance of these genetically diversified (and possibly
post-translationally modified) complexes is thought to play a light-acclimation role, although the
spectroscopic significance of the protein structure variations has not yet been well
characterized.243-244
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(a)

(b)

(c)

(d)

Figure 4-1. The architecture of PCP. (a) The predominately α-helical, ~150-residue modular protein unit
is shown so as to emphasize how it is folded upon itself and spun to encapsulate cofactors in the interior
cavity. (b) The cluster of Per, Chl a, and DGDG cofactors that occupy the central cavity of the protein
with the crystallographic designations indicated. The Pers are shown in ball-and-stick, whereas Chl a and
DGDG have a tubular representation. The water coordinated to the Mg2+ of Chl a is shown in CPK view.
(c) The cofactors in CPK view are shown within the encircling protein. (d) The two-domain PCP
monomer with the C2-(pseudo)symmetry axis relating the halves of the complex approximately indicated
by the black line. The orientation and color scheme is the same in each part of the figure, which is based
on the recombinant, refolded PCP complex (RFPCP, PDB ID 3IIS).
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Figure 4-2. Chemical structure of Per with the various functional groups indicated.

Structural,61,

242, 245-246

spectroscopic,38-39,

247-250

and theoretical42-45,

48, 50, 76, 251-258

investigations have overwhelmingly focused on native or recombinant variants of the main form
of PCP (MFPCP), isolated from free-living Amphidinium carterae. The wild-type complex
resembles a basket with α-helical twine that accommodates two densely packed chromophoric
assemblies in its 23 x 23 x 53 Å interior.61, 249 The two halves of the basket are connected by a
‘handle’ of 13 residues, and related (including the pigments) by pseudo C2-symmetry.
In this chapter, we focus on the properties of a recombinant, refolded PCP complex
known as RFPCP (Figure 4-1), which is a C2-symmetric homodimer of the N-terminal domain
from the wild-type MFPCP.245 RFPCP structurally strongly resembles MFPCP (excluding the
inter-domain loop), with a root-mean-square-deviation (RMSD) of only 0.81 Å for 292 Cαatoms.245 The absorption spectra of the two complexes, as discussed below, are also highly
similar.244-245 We will refer to RFPCP as PCP hereafter unless the RF- versus MFPCP distinction
is needed.
In each cofactor cluster of PCP, two Pers (Per611 and Per613; Figure 4-1b) are roughly
parallel and flank the sides of a central Chl a, whereas the other two Pers (Per612 and Per614;
Figure 4-1b) are almost perpendicular and stack on opposite faces of the tetrapyrrole.61 The
conjugated portions of all the Pers are in van der Waals contact with Chl a, whereas the pigments
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of the two domains are 17.4 Å apart, as measured between the coordinated Mg2+ centers of the
two Chls.61
The geometric arrangement of chromophores in PCP betrays the overall light-harvesting
strategy: The Pers, which collect photons from a spectral region termed the “green gap” because
of minimal absorption by Chl a, pass singlet excitation energy to the central Chl, from which it is
shuttled to Chls in other PCP subunits and antenna complexes until it is ultimately trapped by the
reaction center of Photosystem II.241 To facilitate this process, MFPCP is thought to adopt a
trimeric quaternary structure (as observed in several crystal packings) within the thylakoid lumen
that transiently associates with the membrane.39,

242

Excitation energy may be transferred to

either a membrane-bound antenna protein that belongs to the light-harvesting complex (LHC)
superfamily of higher plants, or directly to photosystems.39 The structural and mechanistic details
of how energy harvested by PCP is used by the rest of the photosynthetic apparatus are presently
not well understood.241-242
The primary absorption event of the PCP light harvesting strategy critically depends on
the photophysical properties of Per, which arise from its biosynthetically expensive structural
functionalization. Per (Figure 4-2) is a heptene-based chromophore that features a C37, instead of
the standard C40 carotenoid framework,4 as well as an unusual pairing of allenic and γ-butenolide
moieties. Both of these exceedingly rare functional groups for a natural product,37, 259 as well as
the bond length alternation pattern along the intervening polyene chain,260 significantly shape the
photophysical response of the chromophore to the properties of the local environment.261-262 The
molecular origins for the environmental spectral effects have been probed experimentally
through the study of synthetic structural analogues.263-272 The terminal cyclohexyl rings are also
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highly oxygenated, and were proposed to serve as electrostatic ‘anchors’ that permit the protein
to hold the Pers in place.43
The linear absorption spectrum of Per is commonly interpreted using a three-state model
composed of the ground (S0) and first two excited singlet states (S1 and S2).38 In analogy to a
rigorously C2h-symmetric polyene, the ground and first excited states are of “Ag−” symmetry
(quotes denote “approximate”), and one-photon transitions between these states are forbidden by
symmetry selection rules.273 Though the substitution pattern of the polyene chain in Per strongly
breaks C2h molecular symmetry, the S0 → S1 transition is still not observed experimentally.
Fiedor et al.46 have proposed an alternate explanation for the forbidden character of this
transition, which involves an unfavorable Frank-Condon overlap of the S0 and S1 potential
energy surfaces due to severe geometric distortions in the S1 state. The second excited state has
“Bu+” symmetry. The S0 (“11Ag−“) → S2 (“11Bu+”) excitation is strongly one-photon allowed,
dominates the optical spectrum in the 450–550 nm region, and represents the initial step of light
harvesting by PCP.
The S0 → S2 absorption maximum is sensitive to conformational flexibility,45 as well as
to the polarity, proticity, and polarizability of the environment.261-262 Relative to the S0 → S2
absorption maximum of Per in n-hexane, (ε = 1.89, n = 1.38), the change in solvent polarizability
to carbon disulfide (ε = 2.64, n = 1.63), or polarity to acetonitrile (ε = 37.5, n = 1.34), only
induces a 16-28 nm bathochromic shift.262 However, the four Pers bound within a functional
domain of RFPCP are known to absorb over a 58 nm range, with distinct absorption maxima at
453, 483, 497, and 511 nm (Figure 4-3).245 These spectral signatures fall within 7 nm of Per
absorption maxima also detected in MFPCP by various techniques.39,

261

Heterogeneity in Per
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site energies increases the spectral cross-section overwhich light is harvested using the same type
of chromophore.
(a)

(b)

Figure 4-3. (a) View of a cofactor cluster inside the PCP complex consisting of four bound Per molecules
and one Chl a encapsulated by the van der Waals surface of the protein. The lipid DGDG is omitted for
clarity. (b) Absorption spectrum of the RFPCP complex with the S0 (11Ag–) → S2 (11Bu+) absorption
maxima identified from spectral reconstruction in Ref. 245 indicated with vertical bars. Only one of these
spectral signatures has been experimentally attributed to a specific Per structure (Per614) shown in the
left figure.

In both MF- and RFPCP, the three longest wavelength Per absorptions are thought to
correspond to pigments related by the (approximate or rigorous, respectively) C2-symmetry of
the complex.45,

244-245

However, whereas a pair of Pers also absorb at the shortest wavelength

feature in RFPCP, the degeneracy of these Pers is broken in MFPCP to give an additional fifth
absorption maximum at 439 nm.244 Because RFPCP is a homodimer of the MFPCP N-terminus,
and all the Per absorption maxima for RFPCP have corresponding features in the MFPCP
spectrum, it is plausable that (1) the spectral tuning mechanisms in RFPCP recapitulate those
present in the N-terminus of MFPCP, and (2) a hitherto unidentified domain desymmetrizing
mechanism operates to selectively further blue-shift the absorption maximum of only one of the
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Pers in the C-terminus of MFPCP. The desymmeterizing mechanism may involve the limited
(56%) sequence identity61 of the N- and C-terminal amino acid sequences of MFPCP, but interdomain chromophore interactions have also been shown theoretically to be relevant for
determining the optical properties of the complex.254, 274 We return to this issue towards the end
of the chapter.
Theoretical studies have failed to fully reproduce or rationalize the Per spectral
inhomogeneity for RF- or MFPCP.45,

251, 254-257

Only the most red-shifted spectral feature in

RFPCP has been assigned experimentally to a specific Per (Per614; Figure 4-3),245 and the
appropriateness of this 1:1 correspondence between a structure and spectral signature of the
PCP-bound Pers has recently been challenged by the detection of a quantum coherent light
harvesting mechanism in MFPCP.249-250,

257

Furthermore, it is poorly understood how binding

site-selected conformations, chromophore electronic coupling, and the heterogeneous dielectric
environment of PCP work in concert to tune the absorption of Per over an optimal spectral range
for solar energy capture. We resolve these fundamental questions about the primary event of
light harvesting by PCP in Section 4.3.1.
While subsequent Per-to-Chl a energy transfer is well established as a fundamental event
in light harvesting by PCP, the kinetic models for this process have undergone significant
revisions over the past two decades.39, 44, 249, 255-257 It is still unclear which energy transfer paths
among Pers, and from the Pers to Chl a help to funnel the transfer of energy.39 In Section 4.3.2,
we take a first and necessary step towards understanding the flow of singlet excitation energy in
PCP by characterizing the strength and environmental regulation of the electronic couplings
among all chromophoric cofactors.
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In both Sections 4.3.1 and 4.3.2, we employ for the first time supramolecular quantum
mechanics/molecular mechanics (QM/MM) models of PCP. Supramolecular QM/MM refers to
the implementation of a hybrid or multi-scale quantum-classical simulation where the QM region
extends over an entire supramolecular assembly of distinct units. These units exhibit subtle
interactions controlling structure, function and spectroscopy.
Our methods, model, and mechanistic insights throughout the chapter significantly
advance the understanding of PCP photophysics, and can assist the rational design of artificial
photosynthetic devices that employ wild type or mutated PCP antennas, bioinorganic PCP
hybrids, or other bio-inspired light harvesting systems.

4.2. Computational Methods
4.2.1. Model Preparation
A model of the PCP complex from the highest resolution crystal structure available (PDB
ID 3IIS; 1.4 Å)245 was prepared. The A and M chains, which non-covalently associate to form a
C2-symmetric homodimer of the wild-type MFPCP N-terminal domain, were retained. Because
of the symmetry, preparation decisions described for one subunit apply to both domains. Unless
otherwise noted, simulations were only performed on the M chain pigments in the presence of
the full homodimer. The reconstituted complex structurally and spectroscopically strongly
resembles MFPCP,244-245 suggesting that our analysis and conclusions for RFPCP are
transferrable to the wild-type system.
Hydrogen atoms were added, protonation and tautomeric states assigned, and the Hbonding network optimized by reorienting donor/acceptor side chains, using the Protein
Preparation application275 in Maestro version 10.6.014 from Schrodinger Inc. Each chain
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contains 20 acidic and 18 basic residues (not counting His) that are primarily surface exposed,
and these residues were assigned standard protonation states for pH 7.0. His-66 was assigned the
neutral Nδ tautomeric state, because the other imidazole nitrogen accepts a H-bond from a water
molecule coordinated to Chl a. There is uncertainty about the protonation state of His-67. Spezia
et al. assigned His-67 the neutral Nε tautomeric state for molecular dynamics (MD)
simulations,252 whereas Bricker and Lo performed QM/MM calculations with the imidazole
protonated to realize a salt bridge with a nearby Asp residue.255-256 We follow the protonation
assignment of Bricker and Lo, though calculations showed that this decision has only a minimal
effect on the predicted vertical excitations for the Pers in our full, implicitly solvated model. For
an optimized H-bonding network, the side chains of Asn-24, Gln-30, and Asn-102 were flipped
by 180°. All bulk crystallographic waters, which constitute an incomplete and statistically
unrepresentative configuration of the solvated state, were removed. To approximate the native
environment for the water-soluble complex, an aqueous implicit solvent was modeled with the
Poisson-Boltzmann finite difference (PBF) method276-281 using the highest resolution grids
available. However, a few crystallographic waters were retained, including the water molecule
that serves as the fifth coordination to the Mg of Chl a, and a structural water that participates in
a bridging H-bonding network between Tyr-136 and Per613. The solvent accessible surface for
the PBF calculations was formed by considering the full homodimer.

4.2.2. Geometry Optimization
The four Pers and Chl a of a cofactor cluster were subjected to torsionally restrained
optimization in the respective binding sites to assess the relevance of experimental coordinate
uncertainty. Dihedrals are generally regarded as more reliable from X-ray crystallographic
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structures than bond lengths and angles.255 The partial optimizations for the Pers and Chl a were
performed using the ONIOM method282-283 with the B3LYP/6-31G(d) model chemistry136-137 in
Gaussian 09 Revision D.01.28 It is not yet feasible to restrain all dihedrals in the other QM/MM
implementation used for this chapter, Qsite284 in the 2016-3 release of the Schrodinger Suite
from Schrodinger Inc. However, calculated excitation energies for the same structures using both
programs tend to closely agree with one another, as indicated in Section 4.2.4.
Excitation energies, calculated as described in Section 4.2.5, changed upon partial
optimization by < 60 meV for all four Pers when individually included in the QM region, and
therefore we chose to use the X-ray (non-optimized) geometries in all the single or
multichromophoric calculations.

4.2.3. Normal Structure Decomposition Analysis
A Cs symmetric Per model was obtained by optimizing a crystallographic Per with
symmetry constraints in Gaussian 09 Revision. D.01 at the B3LYP/6-31G(d) level of theory,
after replacing the substituted terminal cyclohexyl and epoxycyclohexyl rings with a methyl and
an allenic CH2 group, respectively. This model system has been used previously in theoretical
work.45, 51 A vibrational analysis was performed at the same level of theory, and confirmed the
absence of imaginary frequencies. For each of the three lowest normal modes, which resemble
the static distortions found in the PCP-bound Pers, the Cs-symmetric model was displaced one
unit along the normal coordinate, and the excitation energy was calculated using the methods and
procedures of Section 4.2.5.
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4.2.4. QM/MM Simulations
The QM/MM simulations reported in Sections 4.3.1 and 4.3.2.3 (except Table 4-5) were
performed using Qsite in the 2016-3 release of the Schrodinger Suite from Schrodinger Inc. The
B3LYP/LACVP* model chemistry and the OPLS-2005 force field were used for the QM and
MM regions, respectively. Qsite was used to calculate electrostatic potential surface (ESP)
charges on all non-standard residues, as well as for the prediction of vertical excitation energies.
All Qsite calculations were performed with the fully analytical self-consistent field (SCF)
method, the highest resolution integration grids available for density functional theory (DFT),
and with the default of level-shifting virtual orbitals disabled.
The QM/MM simulations reported in Sections 4.3.2.1, 4.3.2.2, and Table 4-5 of Section
4.3.2.3 were performed with Gaussian 16 Revision B.01.285 The B3LYP/6-31G(d) model
chemistry and the Amber99 force field286-287 were used for the QM and MM regions,
respectively. This methodology was used to calculate ESP charges on all non-standard residues,
as well as to perform the torsionally restrained optimizations mentioned above. The MM region
was converted to a background charge distribution for the inter-pigment electronic interaction
analysis described in Section 4.2.5. This step was necessary because the electronic energy
transfer (EET) methodology implemented for the first time in Gaussian 16 uses fragment
definitions that currently conflict with the layer specifications needed for ONIOM calculations.
PBF charges were added to the background charge distribution for excitation calculations to
model the effect of solvent on inter-chromophore interactions. PBF charges were obtained from a
single point calculation on the PCP complex in Qsite, in which all four Pers within a cofactor
cluster of the complex were included in the QM region. These equilibrated PBF charges were
used to represent the solvent reaction field in the Gaussian QM calculations as part of the
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background charge distribution. The PBF charges were calculated using the B3LYP/LACVP*
model chemistry and the OPLS-2005 force field for the QM and MM regions, respectively.
Vertical excitation energies were computed in Qsite and Gaussian according to the
methods details in the next section, and compared to assess the transferability of the PBF charges
between the two programs. In one case, vertical excitation energies were calculated with Qsite
(B3LYP/LACVP*/OPLS-2005/PBF) and in the other case with ONIOM (B3LYP/631G(d)/Amber99/PBF charges). Notwithstanding differences in the level of theory and types of
force fields used in the Qsite and Gaussian calculations, excitation energies and oscillator
strengths agreed within ~2 nm and 0.5 units, respectively.

4.2.5. Excited States and Electronic Coupling Analysis
Vertical excitations were computed at the time dependent DFT (TD-DFT) level with the
Tamm-Dancoff approximation (TDA). This methodology has been successfully applied
previously to predict carotenoid spectra.257, 260, 288 We were exclusively interested in predicting
the transition to the 11Bu+ state, which is dominated by single-electron excitation configurations.
TD-DFT/TDA is expected to perform well for transitions of this nature, and we consistently
reproduced experimental absorption maxima within 0.11 eV, which is well within the accepted
error for the method.198
Inter-pigment electronic interactions were investigated through a supramolecular
QM/MM or QM/background electrostatics approach, and the electronic energy transfer
methodology implemented in Gaussian 16, which will be referred to hereafter as EET. The EET
method289-290 is a perturbative scheme that calculates the electronic interaction between the
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transition densities of fragment regions as an approximation to the full QM calculation of the
multichromophoric system.
EET was used to compute coupling constants between the Per and Chl a chromophores of
PCP at the TD-DFT/TDA-B3LYP/6-31G(d) level of theory. The eight Pers and two Chl a
molecules in PCP were each defined as a fragment for the EET analysis. To perform these
calculations in the presence of the PCP complex (protein and lipid molecules) with or without an
implicit aqueous solvent, Amber partial atomic charges for the protein and/or PBF charges from
the Qsite calculation were added as a background charge distribution. S2 excitation wavelengths
were obtained from this approach by constructing and diagonalizing a Hamiltonian of the
chromophore site energies and coupling constants. These wavelengths were directly compared to
the wavelengths from the full supramolecular QM calculation that included the Amber and PBF
charges as a background electrostatic distribution. Section 4.3.2.1 shows the validity of this
approach.
In a further calculation that examined the effect of coupling among the Pers on their
interaction strength with Chl a, the four Pers in each domain of PCP were defined as a single
fragment which interacted with the Chl a molecules of the complex. Each Chl a in the two
domains was considered a separate fragment.

4.2.6. Natural Transition Orbital (NTO) Analysis
The nature of the computed excitations simulated with Qsite was inspected using natural
transition orbitals (NTOs).291-292 Predicted absorptions for the pigment assembly were assigned
to the chromophore with an NTO hole-particle pair that represented at least 50% of the character
of the excitation. Excitonic states and transition dipole moments for the supramolecular QM/MM
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calculations will be referred to by these single-chromophore assignments, even though the
excitations are delocalized over multiple pigments.
When significant charge transfer (CT) character was observed, an analogous calculation
was performed at the configuration interaction with singles (CIS) level with Qsite using the same
basis set (LACVP*) as the TD-DFT calculation to assess whether the CT contribution was likely
due to a well-known failing of TD-DFT.293 Significant CT character only mixed into the longest
wavelength allowed transition when the multichromophoric region included Chl a in addition to
multiple Pers. The absorption wavelengths with or without Chl a in the QM region agreed within
5 nm, and the nature of the other transitions were unaffected by the inclusion of Chl a. We
therefore analyzed the nature of the excitations using a multichromophoric region containing
either the four Pers of one functional domain, or the eight Pers of the homodimeric complex.

4.3. Results and Discussion
4.3.1. Light Harvesting by Equally Contributing Mechanisms in a Photosynthetic Antenna
Protein
In an effort to identify the spectral forms of Per in PCP, and the mechanisms of site
energy regulation, we performed supramolecular QM/MM simulations that tracked the evolution
of the S0 → S2 absorption maximum from free Per in vacuum to each of the PCP-bound Pers, as
various effects were gradually introduced. First, Per in vacuum assumed the four distinct binding
site-selected conformations found in PCP. These four conformers were then transferred into the
electrostatic environment of PCP, mediated by an aqueous dielectric, to simulate the native
environment of the water-soluble complex. Finally, the Pers and Chl a of a cofactor cluster
within PCP were electronically coupled. The result of the hypothetical progression is shown in
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Figure 4-4a, and serves as a theoretical bridge between the experimental S0 → S2 absorption
maximum of Per in n-hexane at the far left, and each Per in PCP from spectral reconstruction at
the far right. Since the simulated absorption of Per in vacuum and n-hexane (ε = 1.0 versus 1.89)
only differs by 2 nm, all calculations on the isolated Pers were done in vacuum. The final
simulation in the sequence, which achieves quantitative agreement with experiment, features the
most sophisticated (fully QM) treatment of pigment-pigment interactions in a domain of PCP to
date, and stands as a unique instance for the use of implicit solvent in a large-scale
multichromophoric QM/MM simulation. Remarkably, the inclusion of an aqueous dielectric will
be shown to significantly shape the electrostatic influence of the Per binding sites. In the figure,
each simulated absorption wavelength is color coded to the specific Per that exclusively or
predominately carries the excitation.
Figure 4-4a indicates that the binding sites in PCP mechanically distort the chromophores
to break the degeneracy and establish an energetic ranking of the Per spectral forms. The
simulated S0 → S2 absorption maxima of the conformationally distorted Pers from PCP, isolated
in vacuum, are distributed over a 19 nm range. This represents a fraction of the 53 nm spread
predicted for the same conformers electronically coupled within the antenna complex, which is
in excellent agreement with the 58 nm spread observed experimentally. Distortions red-shift the
S0 → S2 absorptions of all the Pers to different extents, except for Per612, which is blue-shifted,
relative to the fully optimized Per in vacuum. This is the first assessment of the conformationinduced spectral differentiation achieved in PCP, and the effect is found to be an important
contributor to spectral tuning. Sequential addition, in Figure 4-4a, of the electrostatic
environment of the complex mediated by an aqueous dielectric, and chromophore electronic
coupling, broadens the spectral range by an additional 16-18 nm. By “Electrostatic Environment”
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we mean that each Per was taken separately into the QM region, and interacted with the static
charge distributions of the other cofactors (the Pers, Chl a, and lipid of each monomer), the
homodimeric protein, as well as the solvent. The energetic ordering of the Pers is preserved with
the exception that Per614 becomes the longest wavelength absorber, in agreement with
experiment. In the “Electronic Coupling” stage, the four Pers and Chl a (in the M chain of the
homodimer) were included in the QM region, effectively adding polarization and delocalization
effects in the ground and excited states (i.e. excitonic coupling).\
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Figure 4-4. (a) Evolution of the 11Bu+ absorption maximum of Per as the fully optimized structure in
vacuum is transformed into the four protein-bound forms in PCP by adding effects (distortion,
electrostatic environment, and electronic coupling). The experimental Per wavelengths are from Refs.
and

262

245

. All predicted transition energies were blue shifted by 0.11 eV (~23 nm) so that the predicted

wavelength for fully optimized Per in vacuum matched the experimental absorption maximum in nhexane. (b) S0 (11Ag–) → S2 (11Bu+) absorption wavelength variation as a function of differing extents of
inter-chromophore interactions in vacuum and within the solvated PCP complex.
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Based on the partitioning of effects in Figure 4-4a, binding site-imposed steric
constraints, electrostatic influences, and electronic coupling among densely packed
chromophores each contribute 16-19 nm or ~33% to the overall spectral inhomogeneity.
To understand the interplay of interactions between pigments, and the interactions of the
pigments with the surrounding environment, Figure 4-4b compares the S0 → S2 absorption
maxima for the distorted Pers in vacuum and PCP with different extents of inter-pigment
interaction. The left panel tracks the evolution in the absorption maxima as the isolated and
distorted Pers from PCP in vacuum were assembled into the same chromophore cluster found in
the antenna complex, and electronically coupled. The right panel tracks an analogous evolution
under the influence of the aqueously solvated PCP environment. Within the solvated PCP
complex, “Distortion” means that the absorption maximum of each distorted Per was calculated
in the absence of the nearby chromophores. In the next (“Electrostatic”) stage, the other Pers and
Chl a of the chromophore assembly were introduced as partial atomic charges to electrostatically
influence the absorption of one another. This static description of the pigment-charge
interactions was then augmented with mutual polarization and exciton delocalization. Figure
4-4b indicates that electronic coupling in the absence of the PCP environment would extend the
spectral range of the distorted Pers by 21 nm, and severely blue shift Per614 from being the
second longest to second shortest wavelength absorber. Per614 only becomes the red-most
absorber when the Pers are in the electrostatic field of the PCP complex, regardless of the
presence or nature (electrostatic or electronic coupling) of inter-pigment interactions. Thus, the
role of the environment in establishing Per614 as the longest wavelength absorber is consistent
with the finding of Schulte et al.245 that mutation of a single residue (Asn-89 to Leu-89) blue-
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shifted Per614 by 24 nm, causing this Per to no longer be the red-most absorber. Our model
qualitatively reproduces the blue shift after mutating in situ Asn-89 to Leu-89.
The difference between the non-interacting Pers in vacuum and non-interacting Pers in
PCP reflects the maximal influence of the antenna complex environment. Introduction of the
PCP environment to the non-interacting Pers increases the spectral spread by 30 nm, and causes
Per614 to be the red-most absorber. The subsequent introduction of electrostatic interactions
among the chromophores opposes the maximal influence of the rest of the complex, and reduces
the spectral broadening by 14 nm. The net result of the expansion and contraction in spectral
inhomogeneity due to each pigment interacting with the PCP environment, and with one another,
respectively, constitutes the 16 nm electrostatic contribution to spectral broadening mentioned
above. Mutual polarization and exciton delocalization effects recover essentially all of the
spectral spread lost through static pigment-charge interactions. This corrective contribution
corresponds to the 17 nm attributed to electronic coupling. Another effect of electronic coupling
(Table 4-1) is a redistribution of predicted oscillator strength.
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Table 4-1. Simulated Absorption Wavelengths and Oscillator Strengths for the Pers in a PCP
Cofactor Cluster

Chromophorea
Per611
Per612
Per613
Per614
a

Absorption Wavelength in nm (Oscillator Strength in a.u.)
Single Molecule
Supramolecular
QM Region
QM Region
484 (2.8587)
498 (0.5688)
452 (3.3645)
451 (0.7520)
475 (2.7363)
478 (3.1421)
487 (2.9788)
504 (4.0967)

Absorption wavelengths were calculated at the TD-DFT/TDA level with a B3LYP/LACVP* model

chemistry, and assigned to the specific Per that exclusively or predominately carries the excitation based
on the NTO analysis.

In summary, steric, electrostatic, and inter-chromophore electronic interactions realized
in the PCP complex complement one another by making nearly equal and additive contributions
to the S0 → S2 wavelength variation. However, competing or opposing effects are also operative.
The PCP electrostatic environment establishes Per614 as the red-most absorbing spectral form,
whereas this Per would be the second or third longest wavelength absorber if conformational
distortion and electronic coupling were the only factors. With regard to spectral inhomogeneity,
static interactions of the Pers with the PCP environment and with one another, as well as static
and delocalized aspects of inter-pigment interactions, form pairs of opposing effects. Thus,
complementary and competing mechanisms regulate the primary absorption event of
photosynthesis in PCP. Most importantly, the QM/MM calculation, incorporating all of the
tuning mechanisms, captures 90% of the experimental S0 → S2 spectral range, and reproduces
each of the Per absorption signatures within 11 nm of the wavelengths from spectral
reconstruction (Figure 4-4a).
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Our quantitative model of electronically coupled chromophores in PCP permits the first
characterization of the excitons long-suspected from circular dichroism spectra to be present in
the antenna complex,294-295 but only recently inferred by two dimensional electronic
spectroscopy.250 Figure 4-5 depicts the nature of the 11Bu+ excitons from a natural transition
orbital (NTO) perspective. NTOs represent the contributing configurations to an excitation in
terms of paired hole and particle orbitals.291-292 Because inclusion of Chl a at the QM level
perturbed the simulated absorption maxima by ≤ 5 nm, and for simplicity in visualizing the
NTOs, Figure 4-5 reports the result of only electronically coupling four Pers, while modeling Chl
a and the rest of the protein electrostatically in the MM region. However, we note that inclusion
of Chl a along with all the Pers of a cofactor cluster leads to delocalization of the longest
wavelength excitation over Per614 and Chl a (Figure 4-6). This finding is consistent with the
prediction by Meneghin et al. that the fastest energy transfer pathway in MFPCP is from THE S2
state of Per624 (the C-terminal, C2-pseudosymmetry mate of Per614) to the Qy state of Chl a in
the C-terminus.257
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Figure 4-5. NTO perspective of the 11Bu+ excitons for a tetramer of Pers within PCP in an aqueous
dielectric. The environment for the Pers is omitted for clarity. The largest contributing NTOs comprising
≥ 85% of each excitation are shown with an isosurface of 0.02 a.u. Pers 611 through 614 are colored
yellow, blue, green, and red, respectively. Absorption wavelengths, and a description of the excitons in
the basis of hole-particle NTOs localized on individual Pers are provided.
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(a)

(b)

Figure 4-6. Natural transition (a) hole and (b) particle orbitals obtained at the CIS/6-31G(d) level of
theory for the lowest excitation of a cluster of four Pers and one Chl a in the same domain of PCP in an
aqueous dielectric. Only the Per and Chl a contributing to the excitation are shown, and the y and x
polarization axes of Chl a are approximately indicated. The sum of the eigenvalues for the two holeparticle pairs—one pair centered on Per614 and the other pair on Chl a—is 0.74. Though TD-DFT gives a
similar delocalization picture as CIS, spurious CT character is also found with this method. The NTOs
are shown at an isosurface value of 0.02 a.u.

Figure 4-5 shows that excitations are delocalized over two Pers at the longest and shortest
wavelength absorptions, and three Pers at intermediate wavelengths. All the excitations involve
displacement of electron density from the allene to the butenolide of separate Pers, as seen for
the isolated and fully optimized chromophore in vacuum (Figure 4-7). The leading terms for the
excitations in the multichromophoric context place at least 50% of the transition on a single Per.
If the spectral signatures are assigned on the basis of the leading contributions to the simulated
excitations, the wavelength ordering of the Per spectral forms is Per612 < Per613 < Per611 <
Per614. This result is consistent with the experimental deduction that Per614 is the red-most
spectral form,245 confirms the previous theoretical suggestion that Per612 is the bluest absorber,45
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and completes the interpretative gap between the crystal structure and the congested solutionphase absorption spectrum (Figure 4-3c).

Figure 4-7. NTO perspective of the S0 (11Ag–) → S2 (11Bu+) absorption for an isolated, fully vacuum
optimized Per. The (top) hole and (bottom) particle orbitals are shown with an isosurface of 0.02 a.u.

The energetic ranking of S0 → S2 excitons is established through geometric distortion of
the Pers and only minimally refined by other factors (Figure 4-4a). This conformational spectral
effect is attributable to torsional deformations that can be understood by applying the strategy of
normal structure decomposition (NSD), which is well known from the porphyrin literature.21, 296
The NSD approach decomposes protein-induced cofactor conformations in terms of
displacements along vibrational normal modes of a reference structure. The distinct Per
conformers are well approximated in terms of the three lowest normal coordinate deformations
of a Cs symmetric Per (Figure 4-8a). Out-of-plane and in-plane distortions of the PCP-bound
Pers on the left reflect contributions from normal coordinate displacements of the reference
structure at the right. Figure 4-8b shows the corresponding spectral shifts for the crystallographic
conformations (solid bars), as well as the contributing out-of-plane and in-plane normal modes
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(vertically and horizontally striped bars, respectively) relative to the predicted S0 → S2
absorption maximum of the Cs symmetry Per. All the Pers exhibit standing wave-type
distortions. Per613 features the first harmonic of a standing wave, whereas Per611, Per612, and
Per614 display the first overtone mode. These conformations resemble the first and third normal
modes of the Cs symmetric Per, respectively. Displacements along either coordinate induce
spectral bathochromism. All of the Pers also exhibit an in-plane bowing deformation, which
corresponds to a contribution from the second normal mode. Interestingly, Per612 bows in an
opposite direction to the other Pers. Displacement of the reference Per along this normal
coordinate in the direction exhibited by Per612 causes a blue shift, whereas bowing in the
opposite direction, as in the other Pers, induces a red shift. Thus, we propose that this
deformation mode is at least partly responsible for the assignment of Per612 as the bluest
spectral form in PCP.
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Figure 4-8. (a) Comparison of crystallographic Per distortions (left panel) to the most prominently
contributing normal coordinate deformations (right panel). (b) Spectral shifts for the crystallographic Per
conformers (solid bars), and the contributing out-of-plane and in-plane normal coordinate deformations
(vertically and horizontally striped bars, respectively) relative to the predicted 11Bu+ absorption maximum
for the Cs symmetric Per model. For direct comparison with the reference structure, the crystallographic
Pers were truncated (terminal rings replaced by hydrogens).

160

Another important observation is related to the role of solvent. The retention of the
conformationally-induced ordering of the Per spectral forms from vacuum to PCP (Figure 4-4a)
only holds if the native aqueous environment of the antenna complex is included. If vacuum
simulations are performed on the chromophore cluster with or without the rest of the PCP
complex an incorrect ordering of the Pers is obtained (Figure 4-9). These observations suggest a
significant spectral role (never assessed in previous literature) for the aqueous dielectric that
mediates inter-chromophore interactions, as well as the anisotropic and highly charged surface of
the water-soluble complex. In support of this hypothesis, we find a strong correlation whereby
Pers surrounded by more, and primarily hydrophobic, residues within 5.0 Å absorb at longer
wavelengths in the implicitly solvated complex (Figure 4-9).
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Figure 4-9. Variation in the 11Bu+ absorption maxima of the PCP-bound and electronically coupled Pers
as a function of the number of proteinogenic and ligand residues within 5.0 Å of each Per in the solvated
(solid trend-line) and vacuum (dashed line) complex. The trend-line fits the following equation:
Predicted 11Bu+ Maximum = 390(±13) nm + 2.9(±4) Residues within 5.0 Å. The regression analysis has
an R2 of 0.96.

4.3.2. Carotenoid-Chlorophyll Interactions in a Photosynthetic Antenna Protein: A
Supramolecular QM/MM Approach
We demonstrated in Section 4.3.1 that excitations are delocalized over two or three Pers
depending on the incident wavelength, and that the red-most absorbing Per directly shares the
excitation with Chl a. In this section, we quantify the strength and environmental modulation of
these inter-pigment interactions. In order to obtain coupling constants, we employ an EET
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methodology, which is a perturbation-based approximation to our supramolecular QM/MM
approach. We therefore start with assessing the level of agreement between supramolecular and
EET calculations.

4.3.2.1. On the Accuracy of Excitonic Coupling Models
The most accurate description of an electronically interacting assembly of chromophores
would, in principle, involve a large-scale QM or QM/MM calculation. While we have carried out
such calculations on a single domain of PCP (Section 4.3.1), this approach becomes intractable
when considering chromophore interactions between the two protein domains at the TD-DFT
level. In this section, however, we show that direct calculation of electronic couplings via EET,
followed by diagonalization of the exciton Hamiltonian for the four Pers within a single PCP
domain gives comparable results to a large-scale calculation in which the QM region contains all
four Pers. We find that the excitonic model reproduces well the more accurate supramolecular
QM/MM absorption wavelengths with a maximum difference of 2–12 nm as seen in Table 4-2.
The largest discrepancy occurs under electronic embedding, perhaps reflecting the different
polarization responses of four separate versus one large QM region. The overall close agreement
of the two approaches attests to the validity of the less computationally demanding fragmentbased excitonic model. Thus, we propose that the EET approach can be used to obtain excitation
energies for supramolecular assemblies that are too large to be described with a direct QM
calculation.
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Table 4-2. Comparison of Per Absorption Wavelengths Simulated with a Supramolecular or
Fragment-Based Excitonic QM Approach in Different Environments

Excitonic Statea
State 1
State 2
State 3
State 4
a

Vacuum
Supramolecular
QM/MM
476
469
456
434

EET
478
468
458
434

Solvated PCP Complex
Supramolecular
QM/MM
EET
502
513
495
501
476
482
447
454

All simulated wavelengths have been blue-shifted by 0.11 eV (~23 nm), which is the discrepancy found

for the employed level of theory (TD-DFT/TDA-B3LYP/6-31G(d)) relative to experiment for Per in nhexane.

The supramolecular QM/MM calculations show that the inter-chromophore interactions
change the magnitude and direction of the S2 transition dipole moments (TDMs; Figure 4-10),
which is reflected in a redistribution of oscillator strength to shorter-wavelength absorption
bands as already seen in Table 4-1, and plotted in Figure 4-11. Chromophore coupling also red
shifts the lowest-lying Per excitons, thereby helping to close the energetic gap between the Per
and Chl a excited states. The EET analysis complements these findings by quantifying the
pairwise inter-chromophore interactions that are responsible for the wavelength regulation and
oscillator strength redistribution predicted in the supramolecular simulation.
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Per614

Per611

Per613

Per612

Uncoupled

Coupled

Figure 4-10. Visualization of the S0 → S2 TDMs for (top panel) uncoupled and (bottom panel) coupled
Pers in a functional domain of PCP. The coupled states are assigned to the Per that carries at least 50% of
the excitation, and the associated TDM vector is colored to match the given Per. The black vectors point
in the directions of the Qy and Qx TDMs of the uncoupled Chl a, which are shown in each part of the
figure to aid a comparison of the angle between the Per and Chl a TDMs. All TDMs were calculated in
the presence of the aqueously solvated PCP complex at the TD-DFT/TDA-B3LYP/LACVP* level of
theory.
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Figure 4-11. Simulated absorption spectra for the uncoupled (dark blue) and coupled (light blue) four Pers
of a cofactor cluster in the implicitly solvated PCP complex. Gaussians with a full width at half maximum
of 8.0 nm were fit to the calculated excitation wavelengths obtained at the TD-DFT/TDAB3LYP/LACVP* level of theory.

When chromophore electronic coupling is neglected, as shown in the top panel of Figure
4-10, the TDMs of Per614 and Per612 are nearly aligned to the Chl a Qy and Qx TDMs,
respectively. The TDMs of Per611 and Per613 are oriented 37–43° with respect to the Qy TDM.
All the Per TDMs have magnitudes of 17–18 D. When chromophore electronic coupling is
introduced among all the Pers in a cofactor cluster, the TDMs for the excitons predominately
carried by Per614 and Per612 are 41° and 28° respectively from the Qx TDM of Chl a. The
TDMs for the Per611- and Per613-centered excitations are 20–29° from the Qy TDM of Chl a.
The TDM re-orientations induced by chromophore coupling are seemingly consistent
with the previous finding that dimeric Per excitons enhance energy transfer to Chl a relative to
monomeric Per excited states.256 However, the magnitudes of the TDMs are also substantially
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altered through exciton delocalization. The TDMs for the Per611- and Per614-centered
excitations are decreased by 6.9–7.9 D, whereas the TDMs for the Per612- and Per613-centered
excitons are increased by 1.7 D. The close proximity of the chromophores further argues against
a simple dipole-dipole interaction analysis. Consideration of the interactions between the full
transition densities for the separate Pers, or the tetramer of Pers in a cofactor cluster with the
central Chl a gives a different perspective. Individual Pers are found to couple with the Chl Qy
state ~3–4 times stronger than the Qx state, whereas the tetramer of electronically interacting
Pers couples to both Chl states to comparable extents as seen in Table 4-3.

Table 4-3. Comparison of Per-Chl a Interaction Strengths for Uncoupled and Coupled Pers in a
Domain of PCPa
Uncoupled
Chromophores
Per611-Qy
Per612-Qy
Per613-Qy
Per614-Qy
Per611-Qx
Per612-Qx
Per613-Qx
Per614-Qx
a

Coupling Constants
(cm−1)
298
151
129
343
67
27
62
102

Coupled
Excitonic Stateb
Per611 *-Qy
Per612 *-Qy
Per613 *-Qy
Per614 *-Qy
Per611 *-Qx
Per612 *-Qx
Per613 *-Qx
Per614 *-Qx

Coupling Constants
(cm−1)
290
48
121
274
113
40
89
113

Coupling constants were calculated at the B3LYP/6-31G(d) level of theory.

b

For the coupled case, an asterisk (*) indicates that the assignment is made to the chromophore with a

NTO hole-particle pair that represented at least 50% of the character of the excitation.

Several interesting conclusions are obtained from the combined analysis of TDM reorientation and coupling constant changes upon the introduction of Per-Per electronic
interactions: (1) There is a general redistribution of coupling strength for all Per-Chl a pairs. PerQx interactions gain strength at the expenses of Per-Qy interactions. (2) Upon introducing Per167

Per coupling, the TDM of the Per614-based exciton re-aligns roughly in-between the
polarization axes of Qx and Qy. Considering that the Qx state is closest in energy to the longest
wavelength absorbing Per614, this alignment and the associated coupling strength redistribution
can facility energy transfer from Per614 to Chl a. (3) A similar argument can be applied to
Per611, which is the second closest Per absorber to the Chl a states. Thus, Per614 and Per611 are
likely the sites from which excitation energy most readily flows into the Chl a states. This
conclusion largely confirms the energy transfer model originally proposed by Damjanovic et al.
on the basis of Pariser-Parr-Pople calculations, although the energy transfer is from the S2
instead of the S1 state of the Pers.44

4.3.2.2. Environmental Effects on Chromophore Coupling
We previously found (Section 4.3.1) that the electrostatic environment of the aqueously
solvated PCP complex significantly contributes to the Per site energy regulation. By varying the
energy gaps between individual Pers, and/or screening inter-chromophore interactions, the
electrostatic environment could, in principle, also modulate the Per-Per and Per-Chl a interaction
strengths.297 Alternatively, the close packing of PCP cofactors could isolate the chromophores
from environmental effects.297 We demonstrated earlier (Section 4.3.1) that static charge
interactions of the Pers with the PCP environment and with one another exert opposing
influences on the absorption spectrum. We therefore wondered if or how the environment tunes
the inter-chromophore coupling strengths.
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Table 4-4. Comparison of Per-Per Interaction Strengths in Different Environmentsa

Coupled Fragments
Per611-Per612
Per611-Per613
Per611-Per614
Per612-Per613
Per612-Per614
Per613-Per614
a

Vacuum
651
311
379
372
203
473

Coupling Constants (cm−1)
Vacuum PCP
Solvated PCP
609
620
302
278
372
367
365
353
200
189
487
468

Coupling constants were calculated at the B3LYP/6-31G(d) level of theory.

Table 4-4 reports the coupling constants for the cofactor assembly of four Pers (1)
isolated in a vacuum, as well as within the (2) vacuum and (3) aqueously solvated PCP complex.
Chl a was not included in these calculations, except as part of the electrostatic environment of
the PCP complex. Since intra-domain Per-Per electronic interactions have some of the strongest
coupling strengths in PCP, as demonstrated below, we anticipate that any environment-mediated
effect should be maximal, and most discernable, for these interactions. The data suggests that the
electrostatic PCP environment has a relatively minor (15–42 cm−1) influence on interchromophore coupling strengths. For comparison, the environment modulates the Per site
energies by up to 700 cm−1 (17 nm) and increases the overall spectral spread of Per absorptions
by a similar amount. This observation implies that the primary or most direct way in which the
environment influences inter-chromophore coupling concerns the particular geometric
arrangement established for the pigments in the complex.
It is an intriguing observation that the four Pers of a PCP functional domain have a
common directionality (Figure 4-12a), with the γ-butenolide end of these chromophores oriented
towards the solvent-exposed portal of the complex. If the terminal cyclohexyl rings serve to
electrostatically anchor the Pers to the protein, perhaps the different functionalization of these
moieties—with one ring bearing an epoxy and 2° hydroxyl whereas the other ring displays an
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acetate and 3° hydroxyl—permits the protein to discriminate between the two ends of the
molecule. It is neither obvious whether the common directionality of the Pers plays a structural
or spectroscopic role, nor how the rotation of one or more Pers by 180° around the long or short
polyene axes (Figure 4-12b) would change the photophysical properties of PCP.
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Figure 4-12. (a) Cluster of four Pers with the γ-butenolide and allene functionalities silhouetted in pink
and orange respectively, and the γ-butenolide-to-allene directionality indicated. (b) A particular Per
(Per613 from part a) shown with the long and short polyene axes about which one or more Pers could
hypothetically be rotated within PCP.
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4.3.2.3. Relating Theoretical Coupling Constants to Experiment
We present in Table 4-5 the inter-chromophore coupling constants greater than 100 cm−1.
The obtained pairwise inter-pigment coupling strengths are in general agreement with previous
reports. Per-Per interactions within the same cofactor cluster tend to be the strongest, with
coupling constants of 194–619 cm−1. Intra-cluster Per-Chl interactions are competitive with the
weakest intra-domain Per-Per interactions (60–343 cm−1 (for Pers not coupled with one another).
Inter-domain Per-Per, Per-Chl, and Chl-Chl interactions tend to be < 100 cm−1, except for a few
noteworthy cases. The four possible pairwise interactions of Per612 and Per613 with Per612′ and
Per613′ (where the primes indicate the C2-symmetry related chromophores in RFPCP) have
strengths of 255–351 cm−1. Among the weakest chromophore coupling interactions, we find that
the coupling constant for the Qy states of the two Chls is 15 cm−1, in excellent agreement with
the experimental estimate of 7 cm−1.298 This observation indicates that our calculations describe
inter-domain interactions remarkably well.

Table 4-5. Inter-Chromophore Coupling Constants in PCP for Interactions Larger than 100 cm−1
Chromophore Pair
Per611-Per612
Per613-Per614
Per612-Per613
Per611-Per614
Per612-Per612'
Per614-Qy
Per611-Per613
Per611-Qy
a

Coupling Constant
619
470
377
365
351
343
310
298

Chromophore Pair
Per612-Per613′
Per613-Per612′
Per613-Per613′
Per612-Per614
Per612-Qy
Per613-Qx
Per614-Qx

Coupling Constant
262
262
255
194
151
129
102

Coupling constants were calculated at the B3LYP/6-31G(d) level of theory.
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The finding that a few inter-domain coupling constants are competitive in strength with
intra-domain chromophore interactions raises an interesting question. If chromophore coupling
within a cofactor cluster significantly modulates Per site energies in order to extend the spectral
range harvested by the complex, as seen in Figure 4-11, how do inter-domain interactions further
refine the absorption spectrum?
It is not computationally tractable to extend the high-level theory region of our
multichromophoric QM/MM calculations over both cofactor clusters using TD-DFT. However,
we were able to perform calculations with full active space configuration interaction with singles
(CIS). Figure 4-13 compares the simulated spectra for the electronically coupled four Pers in a
cofactor cluster of the solvated complex (Per tetramer) at the TD-DFT and CIS levels, and all
eight Pers in the functional domains of the RFPCP homodimer (Per octamer) treated with CIS.
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Figure 4-13. Simulated spectra for Per tetramers at the TD-DFT/TDA (black) and CIS (orange) levels of
theory, and an octamer of Pers treated with CIS (purple), within the aqueously solvated PCP complex. All
CIS wavelengths were systematically shifted by 0.671 eV to align the longest wavelength absorption with
the corresponding TD-DFT/TDA band in order to aid a comparison. Gaussians with a full width at half
maximum of 4 nm were fit to the calculated excitation wavelengths.

There are two striking features of Figure 4-13. First, the shortest and two longest
wavelength absorption bands predicted for the Per tetramer at the TD-DFT/TDA and CIS levels
are essentially identical. The most significant discrepancy in wavelength position (~10 nm) and
relative intensity is found for the feature in the 460–480 nm region. The level of agreement is
nonetheless acceptable.
The second important aspect of Figure 4-13 is that the spectrum for the Per tetramer and
octamer are largely the same. However, the shortest wavelength band is split into features at
shorter and longer wavelengths, thereby producing a spectrum with five Per absorptions.
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Interestingly, a fifth Per absorption was experimentally reported as contributing to the spectrum
of the MFPCP complex,244 but the mechanistic origin of this feature, and the responsible
chromophore, have yet to be identified. While it may be inferred that the electrostatic
inhomogeneity of the N- and C-terminal domains of MFPCP—the two halves of the protein only
share ~56% sequence identity61—is responsible for breaking the degeneracy of one of the
symmetrically positioned pairs of Pers, our calculations show that inter-domain excitonic
coupling in the absence of electrostatic differences between protein domains can produce a fifth
absorption in the PCP spectrum.
One potential complication with the analysis is that the fifth absorption predicted for
RFPCP was not found by spectral reconstruction for this complex. However, spectral
reconstruction procedures find the minimum number of absorption bands needed to
approximately reproduce a spectrum, and the simulated shortest wavelength absorption for the
Per octamer is not particularly intense. It is conceivable that the different electrostatic
environment of MFPCP versus RFPCP works to distribute more oscillator strength into this Per
S2 exciton. Thus, we hypothesize that the hitherto unexplained fifth short wavelength Per
absorption found in the MFPCP spectrum originates from inter-domain excitonic coupling, and
may gain oscillator strength under the specific electrostatic influence of the MFPCP complex.
This hypothesis is in line with the finding of Carbonera et al. that inter-cluster pigment
interactions are necessary to accurately reproduce the circular dichroism spectrum of MFPCP.254
We are currently investigating our conjecture.
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4.4. Conclusions
In this chapter, we reported the use of supramolecular QM/MM simulations to address
long-standing fundamental questions regarding the photophysics of light-harvesting by PCP. We
reproduced for the first time quantitatively the distinct Per absorption maxima, identified
multichromophoric molecular excitations, and elucidated the mechanisms regulating the
strongly-allowed S0 → S2 absorptions of the bound Pers that span a 58 nm spectral range in the
region of maximal solar irradiance. Protein binding site-imposed conformations, local
electrostatics, and electronic coupling were found to contribute equally to the spectral
inhomogeneity. Electronic coupling causes coherent excitations among the densely packed
pigments, and substantially changes the magnitude and direction of the S0 → S2 TDMs. It
appears that coupling aligns the TDMs of particular Per-centered excitons in a manner to favor
interaction with both the Qy and Qx states of Chl a. We suggested that energy transfer to Chl a
mostly proceeds from Per614 and Per611.
In PCP, the complementary pairing of tuning mechanisms is the result of a competition
between pigment-pigment and pigment-environment interactions. We found that the aqueous
solvent works in concert with the charge distribution of PCP to produce a strong correlation
between Per spectral bathochromism and the local dielectric environment. At the same time, the
electrostatic environment, including the aqueous solvent, was found to have a negligible effect
on the strength of chromophore coupling constants. We also showed that diagonalization of a
Hamiltonian built from the Per site energies and these coupling constants, obtained from the EET
methodology, can be used to obtain quality excitation energies for cases where the inclusion of
all PCP cofactors is intractable within QM/MM at a TD-DFT level.

176

We finally put forward a hypothesis to explain the origin of the fifth Per absorption peak
in the spectrum of MFPCP. We proposed that this peak originates from inter-domain excitonic
coupling between the shortest absorber Per612 and its C2-pseudosymmetric counterpart.

4.5. Further Work
Several structural and photophysical aspects of PCP remain insufficiently explored in the
literature. These questions include (1) the trajectory and stabilizing factors for self-assembly of
the complex,42-43,

55, 253

(2) the ground and excited state structural dynamics of the bound

chromophores and the influence of these motions on the photophysical properties,252-253, 299-300
and (3) the spectral significance of genetic polymorphism or post-translational modification of
the protein.242-243 A logical extension of the work presented in this chapter is to address the last
of these questions by considering the spectral properties of naturally occurring PCP isoforms.
Recall that RFPCP, which has been the focus of this chapter, is a C2-symmetric
homodimer of the N-terminal domain from wild-type MFPCP, and that there is a close
correspondence of RF- to MFPCP spectral signatures (Figure 4-14).244-245 A monomer of RFand MFPCP only differ by the 67 amino acid substitutions that distinguish the C- versus Nterminal domains of MFPCP.241 Approximately a third of the substitutions introduce (e.g. Gly to
Asp), remove (e.g. Arg to Ala), or reverse (e.g. Glu to Lys) the polarity of the residue. These
mutations may selectively blue shift one of the C-terminal-bound Pers by 20 nm, and thereby
break the degeneracy of a symmetry-related pair of chromophores. However, inter-domain
excitonic coupling may also be important in this respect, as shown in Section 4.3.2.3.
The mutations may have a different or an additional biological role, as most occur in
patches that promote the trimerization of MFPCP monomers.242 Trimerization may facilitate
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energy transfer to membrane-integral antenna complexes.39, 242 The monomer-trimer equilibrium
is sensitive to the pH and Mg2+ concentrations in the lumen, which at least for plants, change as a
function of light intensity.242 Thus, the MFPCP C- versus N-terminal mutations may establish a
light-dependent monomer-trimer equilibrium to regulate energy transfer to the rest of the
photosynthetic apparatus.242

Figure 4-14. Comparison of simulated spectral features for RFPCP (RFPCP (Calc.)) with experimental
(Exp.) absorption maxima in RFPCP and MFPCP. A shift of 0.11 eV was applied to all simulated
wavelengths. Pers 611 through 614 and 621 through 624 respectively reside in the N- and C-terminal
domains of MFPCP. The experimental wavelengths are from Refs. 245 and 244.

To assess the transferability of our conclusions on RFPCP, and to leverage this
knowledge to resolve the nature of the domain de-symmetrizing mechanism in the wild-type
protein, we elected to study the spectral properties of MFPCP. However, several complications
unique to MFPCP immediately emerged in this endeavor. The published X-ray crystallographic
structure of MFPCP61 is of lower resolution compared to that for RFPCP245 (2.0 versus 1.4 Å),
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and inspection of the Pers in MFPCP reveals unphysical geometric distortions. For example,
Figure 4-15 shows the degree to which the oxygen of the butenolide carbonyl is lifted out of the
plane defined by the carbonyl carbon and its two flanking atoms. The figure compares the
carbonyl non-planarity for the Pers of the published MFPCP structure and a much higher
resolution (1.2 Å) model provided by Dr. Eckhard Hofmann (private communication). Only in
the higher resolution structure are almost all of the butenolide carbonyls perfectly planar as
expected. This is a significant observation, because previous theoretical work on PCP has often
used the published MFPCP crystal structure without performing full or even partial QM
optimizations within the binding sites, thereby casting doubts on the reliability of the results,
which were obtained with improper chromophore geometries.44, 255-256

Figure 4-15. Histogram of the degree to which the oxygen of the Per γ-butenolide carbonyl is lifted out of
the plane defined by the carbonyl carbon and its two flanking atoms for the published MFPCP structure
(PDB ID 1PPR; blue), and a higher resolution MFPCP model (orange) provided by Dr. Eckhard
Hofmann.
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The figure also indicates another complication with MF- versus RFPCP, namely, there
are a total of three times as many Pers. MFPCP adopts a trimeric assembly in the solution- and
solid-states,242 whereas RFPCP is a monomer under both conditions.245
To assess the spectral relevance of the monomer-trimer equilibrium, we computed the S2
absorption maxima for the eight Pers in each chain (designated M, N, and O) of the unpublished
high-resolution MFPCP trimer when each chain was either isolated from or associated with the
other chains. The monomer and trimer calculations were performed in both vacuum and with an
implicit aqueous solvent. The results for the solvated calculations are summarized in Figure
4-16.
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Figure 4-16. Simulated 11Bu+ absorption maxima for the Pers of the MFPCP M-, N- and O- chains when
each chain is isolated (monomeric; Mono) or associated with the other chains (trimeric; Tri). All
calculations were performed with an implicit aqueous solvent, and excitation energies were uniformly
blue-shifted by 0.11 eV.

Trimerization in general appears to have a relatively minor (≤10 nm) influence, although
in the absence of an implicit solvent, the spectral effect tends to be larger (8-23 nm; data not
shown). The spectral effect of trimerization (if any) is not clear from experiment,298,
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and

previous theoretical calculations have only examined the M chain of MFPCP in isolation.44, 254256

Figure 4-16 also suggests that the absolute and relative site energies for the Per spectral
forms are different for each MFPCP chain. Per613, Per621, and Per623, instead of Per614 and
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Per624 as expected from Figure 4-14, tend to have the longest wavelength simulated absorptions.
Per612 and Per622, as expected, tend to be among the most spectrally blue-shifted pigments. The
site energy ranking for the Pers between these wavelength extremes, however, depends on the
particular MFPCP chain examined. Simulated spectral differences between the MFPCP chains,
and the lack of rigorous C3-symmetry for the trimer in the crystal structure, suggest a
conformationally heterogeneity that would need to be averaged through dynamical simulations.
Classical molecular dynamics simulations for PCP are in fact quite rare,252-253,
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because

reasonable, albeit not entirely satisfactory, force field parameters for Per have only recently
become available.253, 300, 302
We sought to understand in more detail why Per614 was not predicted as the most redshifted chromophore, at least within the N-terminal domain. To address this issue, calculations
were performed to separately assess differences in the Per geometries and the MFPCP Nterminal protein environment relative to RFPCP.
We first addressed the question: How do the absorption maxima for the MFPCP Per
geometries compare to those for the RFPCP Per geometries in the absence of the PCP complex
environment (i.e. in a vacuum)? Figure 4-17 compares the absorption maxima for the RFPCP
Pers and the average (± standard deviation) of the M, N and O chain MFPCP Pers from the
unpublished high-resolution structure. The figure suggests that geometric distortions intrinsically
blue shift the absorption maxima of Per611, Per614, Per621, and Per624 relative to the
corresponding Pers in RFPCP, which are Per611 and Per614 in the two rigorously C2-symmetric,
non-covalently associated domains. The magnitudes of the blue shifts are largest for Per621 and
Per624, which reside in the C-terminal domain of a MFPCP monomer.
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Figure 4-17. Simulated absorption maxima for RFPCP Pers (gray markers) and MFPCP Pers (colored
marks). The wavelengths for MFPCP are shown as the average ± standard deviation for the Pers in the M,
N, and O chains of the protein trimer. All calculations were performed in vacuum on truncated Pers (i.e.
(epoxy)cyclohexyl rings replaced by hydrogens), and a 0.11 eV blue-shift was applied to all calculated
excitation energies.

Continuing to use RFPCP as a benchmark, we then wanted to assess the spectral
heterogeneity that originates from the N-terminal domain of the protein in the different MFPCP
chains. To this end, we (1) transferred truncated RFPCP Per geometries into each MFPCP chain,
and (2) formed a symmetric homodimer of the N-terminus from each chain. We thus generated
in silico three complexes that are C2-symmetric homodimers composed of the N-terminal domain
of the M, N or O chains of MFPCP; in other words, three versions of RFPCP that only differ by
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the conformation of the protein and non-Per cofactors. The Per absorption maxima for the
hypothetical RFPCP constructs and the same Pers bound to the actual RFPCP structure are
compared in Figure 4-18.

Figure 4-18. Simulated absorption maxima for RFPCP Pers in the RFPCP complex (gray markers) and
the same Pers placed within in silico-generated C2-symmetric homodimers of the N-terminal domain from
the M, N, and O chains of MFPCP (colored markers). The wavelengths for the Pers in the MFPCPderived environemnts are shown as the average ± standard deviation fro he three chains/constructs. All
calculations were performed on truncated Pers (i.e.(epoxy) cyclohexyl rings replaced by hydrogens), and
a 0.11 eV blue shift was applied to all excitation energies.
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Given a fixed Per geometry, Figure 4-18 suggests that environmental differences in the
N-terminus of an MFPCP chain relative to RFPCP also contribute to the prediction that Per614 is
not the red-most absorbing chromophore. The environmental differences include an N87S
mutation in MFPCP versus RFPCP, and protein conformational differences. The origin of the
mutation is not obvious, since RFPCP is supposed to be a homodimer of the MFPCP N-terminus.
From the discussion of Figure 4-16 through Figure 4-18, we conclude: (1) There is no
consistent energetic ordering of the Per site energies for the chains of the MFPCP trimer in the
absence of dynamical sampling. And (2) A combination of geometric and environmental
discrepancies in the N-termini of MFPCP chains relative to RFPCP cause Per611 and Per614 to
have blue-shifted simulated absorption maxima. The need for dynamical sampling was recently
found by Mennucci and co-workers300 for the α-crustacyanin, astaxanthin-binding protein from
lobster (Homarus gammarus). Astaxanthins bound within binding sites with identical composition, but
different crystallographic conformations, gave distinctly different absorption maxima unless dynamical
simulations were performed within a QM/MM framework.

The dynamical sampling was also found to

be important to quantitatively reproduce the spectral tuning of the carotenoid by the
environment.
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